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a b s t r a c t 
Bioindication has become an indispensable part of water quality monitoring in most countries of the 
world, with the presence and abundance of bioindicator taxa, mostly multicellular eukaryotes, used for 
biotic indices. In contrast, microbes (bacteria, archaea and protists) are seldom used as bioindicators in 
routine assessments, although they have been recognized for their importance in environmental pro- 
cesses. Recently, the use of molecular methods has revealed unexpected diversity within known func- 
tional groups and novel metabolic pathways that are particularly important in energy and nutrient cy- 
cling. In various habitats, microbial communities respond to eutrophication, metals, and natural or an- 
thropogenic organic pollutants through changes in diversity and function. In this review, we evaluated 
the common trends in these changes, documenting that they have value as bioindicators and can be used 
not only for monitoring but also for improving our understanding of the major processes in lotic and 
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.1. Freshwater ecosystems are rapidly altered by anthropogenic 
ressures 
Freshwater environments support high species diversity and 
re more functionally diverse than other ecosystems. Surface 
reshwaters—lakes, ponds, streams and rivers—are among the most 
xtensively and rapidly altered ecosystems, encompassing changes 
n physical structure, chemistry, biotic characteristics and interac- 
ions ( Carpenter et al., 2011 ). This alteration increases threats to 
lobal biodiversity and thus also the processes modulating nutrient 
ycling, community stability and food-web structures ( Grill et al., 
019 ; Vörösmarty et al., 2010 ). 
Ecosystem services provided by prokaryotic and eukaryotic mi- 
robes have considerable impacts on rates of energy and nutrient 
ows as well as the intensity of many trophic interactions. Since 
quatic microbes also possess high metabolic and growth rates, 
hey are highly responsive to local and global pressures and are 
irectly influenced by changes in physico-chemical characteristics, 
ncluding inputs of organic and inorganic compounds and pollu- 
ants ( Caruso et al., 2016 ; Pernthaler, 2017 ; Šimek et al., 2014 ). In
ddition, rare microbes can act as a “hidden backbone” and pro- 
ide resistance and resilience against disturbances ( Garcia et al., 
018 ; Jousset et al., 2017 ). Therefore, measurable responses to en- 
ironmental stressors caused by human activities can be predicted 
hrough the changes in microbial community diversity, dynamics 
nd activity occurring in disturbed ecosystems ( Fig. 1 A). 
Microbe-based bioindicators can be selected from a broad va- 
iety of taxonomic groups mediating processes such as oxygenic 
hotosynthesis or the assimilation of carbon dioxide carried out 
y e.g. cyanobacteria and algae, or complex microbial food webs 
orming networks that link many heterotrophic microorganisms to 
he dissolved carbon pool ( Azam et al., 1983 ; Šimek et al., 2019 ;
imek et al., 2014 ; Sommer et al., 2012 ). However, other ecosystem 
ervices that are not associated with particular taxa require the se- 
ection of appropriate bioindicators that target specific metabolic 
athways. Examples of these pathways include: anoxygenic pho- 
osynthesis, provided by only few bacterial phyla; nitrogen fixa- 
ion, carried out by only specialized prokaryotes; and methanogen- 
sis, delivered by only syntrophic interactions of Archaea ( Compte- 
ort et al., 2020 ; Waidner and Kirchman, 2008 ; Yao et al., 2018 ).
dditionally, genes coding for metal or antibiotic resistances might 
e used for bioindication of the respective pollutants ( Roosa et al., 
014 ). Similarly, biotic interactions can be reflected either in gen- 
ral trophic patterns ( Bock et al., 2020 ) or in very specialized host-
arasite/endosymbiont relationships such as in Chlamydiae and 
heir amoebae hosts ( Pizzetti et al., 2012 ). 
Since the beginning of world-wide water biomonitoring (re- 
iewed in Bonada et al., 2006 ; Santos et al., 2019 ), environmental 
icrobiology has experienced enormous conceptual and method- 
logical developments with the implementation of cultivation- 2 owledge provides a solid foundation for exploiting microbial taxa, com-
, as well as functional genes, in novel monitoring programs. These micro-
lso be combined into biotic indices, improving the resolution of individual
articular molecular approaches complemented by advanced bioinformatic
promising with respect to detailed bioindication value. We conclude that
 are a missing link important for our understanding of rapid changes in
quatic ecosystems, and should be addressed in the future environmental
stems. 
© 2020 The Author(s). Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
ndependent molecular methods. Many tools have been applied, in- 
luding high-throughput sequencing, PhyloChip, GeoChip, quantita- 
ive PCR, metagenomics, metatranscriptomics and metaproteomics 
for details see Supplementary files). Molecular approaches have 
onsiderably increased knowledge of aquatic microbial commu- 
ity richness, diversity and functional variability ( Mansfeldt et al., 
020 ). However, a systematic compilation of distinct microbial taxa 
nd functional groups associated with water pollution measures is 
acking. 
Novel strategies for including environmental genomics in water 
uality monitoring that reflect ecosystem functions, have been pre- 
iously proposed ( Cordier et al., 2020 ). Regarding novel microbe- 
ased bioindication , the strategies can be modified to provide 
ssessments of both broad-scale processes, indicated by many 
rokaryotic and eukaryotic taxa, as well as narrow-scale pro- 
esses indicated by a limited number of specialized prokaryotes 
 Apothéloz-Perret-Gentil et al., 2017 ; Falk et al., 2019 ; Roosa et al.,
014 ; Tanentzap et al., 2019 ; Yao et al., 2018 ). Thus, the strategies
or assessments using microbial bioindicators include the follow- 
ng: (A) tracking of specific taxa, their quantification and precise 
axonomic detection, used, e.g., in fecal coliform bacteria or water- 
orne pathogens; (B) novel community-based bioindicators such 
s diversity indices, employed in determining changes of broad 
cosystem services; and (C) functional community/population as- 
essments, focused on specific metabolic pathways or special- 
zed microbial activities. Furthermore, the value of using micro- 
ial responses to environmental stressors, compared to bioindi- 
ation by multicellular eukaryotes or direct chemical measure- 
ents, lies in the possibility to identify contamination transfers 
hrough aquatic ecosystems. Those are reflected in altered nutri- 
nt cycling, metabolic pathways and trophic links, which are then 
learly attributable to specific microorganisms. Consequently, this 
eview aims to establish a solid foundation for the widespread 
doption of microbes as bioindicators and/or variables in bi- 
tic indices in freshwater ecosystems. Additionally, we propose 
sing microorganisms to distinguish the effects of environmen- 
al stressors that cannot be determined by other presently used 
ndicators. 
. Current legislation deals only with cultivable pathogenic and 
oxic microorganisms 
Current biomonitoring programs for aquatic ecosystems do not 
enerally include both wide environmental screening and narrow 
ritical pathways that are detectable only in certain prokaryotic 
nd eukaryotic microorganisms. Usually, only selected microor- 
anisms and their products are used, in particular fecal indica- 
or bacteria, water-borne pathogens or the quantification of tox- 
ns. In Europe, the Drinking Water Directive (2015/1787, 98/83/EC) 
 EC, 2015 , 1998 ) and the Bathing Water Directive (2006/7/EC) 
 EC, 2006 ), as well as related legislation in the USA (EPA 815-F-08–
 01, EPA/60 0/R-12/551, EPA 910-R-15–002, CCL4 2016) ( EPA, 2016 ), 
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Fig. 1. Aquatic environments of populated areas: A) Inputs of pollutants from human activities and affected ecosystem processes. B) Bioindicators of pollutants include 
microbial taxa and functional genes of processes involved in their degradation. White arrows indicate proportional increases/decreases. Suggested methods for assessment of 













anada (1970) , Australian and New Zealand Environment and Con- 
ervation Council (20 0 0) , India (2012) , South Africa (2015) and 
tate Council of the People’s Republic of China (2015) include a 
imited number of pathogenic or opportunistic pathogenic bacte- 
ia. Surveillance of bacteria such as Escherichia coli and entero- 
occi, as well as protists such as Cryptosporidium, Giardia and Nae- 3 leria fowleri , is mandatory in many countries in the EU and EEE 
World Health Organization guidelines for drinking-water quality, 
HO, 2011 ). Since gastrointestinal illnesses associated with expo- 
ure to contaminated waters can vary according to the host organ- 
sm, information on the origin of contamination is essential for risk 
itigation. Therefore, some Directives also require the identifica- 






















































































































ion of contamination sources in international watercourses (Direc- 
ive 95/308/EC ) ( EC, 1995 ). For these organisms, the directives rely 
n a cultivation-based approach built on the counting and charac- 
erization of viable cells on differential/selective media under de- 
ned cultivation conditions. 
Cyanobacteria are another microbial group included in legisla- 
ion because they produce toxins, scums and odors ( Ferreira et al., 
011 ; Kahru and Elmgren, 2014 ) that negatively influence bathing 
ater quality, with some toxins also having severe effects on drink- 
ng water resources ( Cheung et al., 2013 ; Li et al., 2017 ; Paerl et al.,
011 ). The importance of certain cyanobacteria has been recog- 
ized by the World Health Organization guidelines for drinking- 
ater quality ( WHO, 2011 ), which provides provisional guideline 
alues for Microcystin-LR, the most frequently occurring and toxic 
f microcystin congeners. While in drinking water individual toxins 
re monitored, risk assessments and management in recreational 
aters regulate just the presence of cyanobacteria (quantified as 
ell numbers or biomass) ( Ibelings et al., 2014 ). Again, the pre- 
erred approach suggested by the guidelines is a visual inspection 
ncluding microscopy for potentially microcystin-containing genera. 
he Drinking Water Directive of the EU does not address cyanobac- 
erial toxins, and health authorities have turned to the provisional 
HO guideline values to assess whether the concentrations are 
hazardous” ( Li et al., 2017 ). 
. Detection of pathogenic and toxic microbial contamination 
y cultivation independent methods 
.1. Pathogen tracking 
Important ecosystem services of natural water bodies includes 
he supply of clean drinking water, often accumulated in dam 
eservoirs from wide catchment areas, as well as recreational 
bathing) waters. The use of these water resources is regularly af- 
ected by microbiological contamination, which is caused by poten- 
ially harmful microorganisms from intestinal flora. Various sources 
an contribute to fecal pollution, including wildlife (deer, boar, ro- 
ents, birds), farms and domestic animals (poultry, cattle, sheep, 
ats, dogs), and humans ( Devane et al., 2018 ). However, the cur- 
ently used methods do not appropriately assess the genetic vari- 
bility of fecal microbes and resulting changes in their pathogenic- 
ty and in the activity of respective functional genes. The most 
elevant present-day pathogen tracking in freshwater ecosystems 
tilizes microbial source tracking (MST), a technique that uses 
uantitative PCR methods to detect and quantify gene markers 
ssociated with fecal microorganisms (e.g. Brooks et al., 2020 ; 
cKee et al., 2020 ). Culture independent approaches have been 
ntroduced to provide a sensitive and specific detection of fecal 
ontamination indicators such as E. coli, Salmonella, Shigella and 
nterococcus spp., as well as Campylobacter spp., Bacteroides spp . 
nd viruses or eukaryotes such as Giardia lamblia ( Brooks et al., 
020 ; Verweij et al., 2004 ). Surveyed marker genes traditionally in- 
lude taxonomic identification using 16S and 23S rRNA genes for 
rokaryotes and 18S rRNA genes for eukaryotes. They have also 
een recently expanded to include functional genes that encode 
he activities traditionally used for identification by selective me- 
ia such as lacZ ( β-galactosidase) , lamB (maltose outer membrane 
orin) and uidA ( β-D-glucuronidase, specific for E. coli ). Further- 
ore, methods for the elimination of extracellular DNA have been 
eveloped (e.g. propidium monoazide) to avoid the false positive 
etection of dead cells, which is critical for the monitoring of wa- 
er bacteriological quality ( Gensberger et al., 2014 ; Truchado et al., 
016 ). 
Likewise, due to the importance of water as a medium for 
isseminating human waterborne diseases, environmental DNA 4 eDNA) protocols have also been established and successfully ap- 
lied for the detection of other pathogenic microbes causing severe 
arasite-induced human diseases such as Leptospira ( Sato et al., 
019 ). However, none of these monitoring approaches for fecal 
ontamination has yet provided information about geographic ori- 
in and fecal contamination sources, as these indicators are uni- 
ersally and indiscriminately found in warm-blooded animals. Re- 
ent research on the co-evolution between hosts and their gut mi- 
robiota (i.e. the host-specific microbiome) can provide a solution 
 Ley et al., 2008 ). More specifically, for some taxa such as Clostridi- 
les and Bacteroidales , host-specific bacterial classifiers have been 
eveloped and used to differentiate the distributions of microbes 
mong human, cow, deer, pig, cat, and dog sources ( Brooks et al., 
020 ; McKee et al., 2020 ; Roguet et al., 2018 ). 
.2. Cyanobacteria toxin tracking 
Molecular studies of cyanobacteria have mainly focused on 
valuating the spatial and temporal variability of cyanobacterial 
ommunities. Similarly to studies of other prokaryotes, amplicon 
equencing is used either for the identification of particular taxa 
r operational taxonomic units (OTUs) representing the sequence 
ariability of marker gene(s) (e.g. Guedes et al., 2014 ; Jiang et al., 
017 ). Amplicon sequencing has the potential to monitor toxigenic 
enotypes of cyanobacteria ( Kurmayer et al., 2017 ; Scherer et al., 
017 ), although no single approach has been recommended in 
yanobacterial bloom monitoring and cyanotoxin detection due 
o the variability in their resolution and comparability of results 
 Gaget et al., 2017 ; Srivastava et al., 2012 ). In addition, studies 
ave included the detection of potentially toxic cyanobacteria using 
uantitative PCR-based (qPCR) approaches (e.g. Al-Tebrineh et al., 
010 ; Chiu et al., 2017 ). This method can be used for the quantifi-
ation and distinction of toxin-producing and non-producing types 
f cyanobacteria, e.g. Microcystis ( Zuo et al., 2018 ), or the quan- 
ification of toxin biosynthesis genes that can be connected with 
oxin concentrations for assessing toxicity ( Panksep et al., 2020 ; 
cherer et al., 2017 ). These methods, together with traditional ap- 
roaches (microscopy, cyanotoxin analysis), have been employed 
or studying the effects of trophic status based on cyanobacterial 
ommunity composition ( Panksep et al., 2020 ; Wood et al., 2017 ) 
nd diversity ( Eiler et al., 2013 ; Lee et al., 2017 ; Wood et al., 2017 ;
oon et al., 2016 ) ( Table 1 ). 
. Microbial bioindicators of anthropogenic impacts 
.1. Microbial eukaryotes (protists) for biomonitoring 
In the European Water Framework Directive (WFD), phytoplank- 
on and phytobenthos communities are acknowledged and inte- 
rated as Biological Quality Elements (BQE) for the environmen- 
al monitoring of freshwater ecosystems (EC, 20 0 0). Even though 
any of these bioindicators have been applied in the context 
f scientific (academic) research, predominantly diatoms (phylum 
acillariophyta) have succeeded in making the transition as BQEs 
rom the academic world into the “real world” of applied fresh- 
ater (mostly river) biomonitoring. For these BQEs, standard pro- 
ocols have been established (European Committee for Standard- 
zation, 2016). Similarly to the other already established microbial 
ioindicators, the challenges of microscopic diatom surveys mostly 
nclude long analysis times and high demand on expert knowl- 
dge for taxon identification. Inevitably, differences between indi- 
idual approaches resulted in variation of taxa inventories among 
aboratories ( Kahlert et al., 2012 ; Kelly et al., 2018 ). This initiated
he development of less expensive, more efficient and robust eDNA 
etabarcoding protocols for diatoms, especially in lotic ecosystems 
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Table 1 
Studies focusing on changes in cyanobacteria communities. 


















total N, total P cyanobacteria biovolume / microscopy increase ( Dolman et al., 2012 ) 
N:P ratio Cylindrospermopsis raciborskii, Limnothrix, 
Planktolyngbya, Pseudanabaena 
biovolume / microscopy increase " 
N:P ratio Anabaena, Anabaenopsis, Aphanizomenon 
flosaquae, A. issatschenkoi, Microcystis, 
Planktothrix agardhii 
biovolume / microscopy decrease " 
river / 
biofilm 
Iran / dry nitrates cyanobacteria species richness / microscopy decrease ( Soltani et al., 2012 ) 
nitrates, sulfates Chroococcus minor, Lyngbya kuetzingii, 
Oscillatoria chlorina, Phormidium tenue 
abundance / microscopy increase " 
nitrates, sulfates Lyngbya infixa, L. mesotrichia, Chroococcus 
turgidus, Homeothrix juliana 











heterocystous cyanobacteria relative biovolume and species 
number / microscopy 





Calothrix, Nostoc, endosymbionts of 
Epithemia, Rhopalodia 
rel. abundance / microscopy, reverse 







high total P Chamaesiphon incrustans, C. polymorphus occurrence / microscopy present ( Schneider et al., 
2013 ) 
low total P Capsosira brebissonii, Clastidium setigerum, 
Hapalosiphon hibernicus, Scytonematopsis 
starmachii, Stigonema, Tolypothrix distorta 






N (DIN), soluble 
reactive P (SRP) 
cyanobacteria band richness / TGGE, 16S rRNA gene decrease ( Loza et al., 2013b ) 
low DIN, SRP Chamaesiphon investiens, Chroococcus minor, 
Leptolyngbya tenuis, L. nostocorum, Nostoc 
piscinale, N. punctiforme, Phormidium, 
Tolypothrix tenuis 
occurrence / microscopy, TGGE, 16S 
rRNA gene sequencing 
present " 
high DIN, SRP Aphanocapsa muscicola, Chamaesiphon, 
Cyanobium, Leptolyngbya boryana, 
Phormidium, Pleurocapsa, Pseudanabaena 
occurrence / microscopy, TGGE, 16S 






low N (NO 3 
− , 
NO 2 
− , NH 4 + ), P 
(PO 4 
3 −) 
Phormidium aerugineocaeruleum, P. corium occurrence / microscopy, 16S rRNA 
gene sequencing 
present ( Loza et al., 2013a ) 
high N (NO 3 
− , 
NO 2 
− , NH 4 + ), P 
(PO 4 
3 −) 







P (total P, total 
particulate P) 
potentially microcystin producing Anabaena, 
Microcystis, Planktothrix 


















P (total, PO 4 
3 −) N 




Microcystis 16S rRNA, mcyD gene copies / qPCR increase ( Li et al., 2014 b) 
" dissolved inorganic 
C 





total P potentially toxic Microcystis mcyB copy number / qPCR increase ( Scherer et al., 2017 ) 
" " inorganic N:P ratio potentially toxic Microcystis " decrease " 
" " nitrates, total P Dolichospermum OTU proportion / 16S rRNA gene 
Illumina sequencing 
decrease " 





USA, FL / 
temperate 
total N potentially toxic Microcystis mcyE copy number / qPCR, 
metagenomics 
increase ( Kramer et al., 2018 ) 





P bio-availability Chamaesiphon, Nostoc, Phormidium, 
Tolypothrix 
alkaline phosphatase / enz. Assay decrease ( Muñoz-Martín et al., 
2014 ) 
Chamaesiphon, Nostoc, Phormidium, Rivularia, 
Tolypothrix 
polyphosphate granules / microscopy increase " 
Phormidium, Rivularia hairs, calyptras / microscopy decrease " 
5 
M. Sagova-Mareckova, J. Boenigk, A. Bouchez et al. Water Research 191 (2021) 116767 
Table 2 
Micro-eukaryotic Indices. 
Index Habitat Method Reference 
Specific pollution-sensitivity index (SPI) stream and river 
epilithon 
numbers of diatom species determined by 
microscopy and clustered into sensitivity classes 
and indicator value groups 
(Coste in Cemagref, 1982 ) 
Diatom biological index (BDI) ( Prygiel and Coste, 1993 ) 
Trophic diatom index (TDI) ( Kelly and Whitton, 1995 ) 
Rott’s Trophic and Saprobic Index (Rott TI and SI) ( Rott et al., 2003 ) 
Index of biotic integrity (IBI) ( Wang et al., 2005 ) 
Taxonomy-free molecular diatom index 
(DI-MOLTAXFREE) 
amplicon sequencing of V4 region of the 18S rRNA 
gene 





































































































 Bailet et al., 2020 ; Kermarrec et al., 2014 ; Pérez-Burillo et al.,
020 ; Tapolczai et al., 2019 ; Vasselon et al., 2019 ; Visco et al., 2015 ;
immermann et al., 2015 ). 
In contrast to the diatom eDNA metabarcoding protocols for 
iver monitoring, barely any of these protocols exist for other tax- 
nomic groups of microbial eukaryotes ( Pawlowski et al., 2018 , 
016b , 2016a ). This is surprising because numerous studies have 
emonstrated the sensitivity of various protistan taxonomic groups 
o environmental stressors in natural as well as artificial freshwa- 
er ecosystems ( Foissner, 2016 ; Stoeck et al., 2018b ). For example, 
imilar to diatoms, green algae and chrysophytes are also excellent 
ioindicators of nutrient fortification. This is due to their frequent 
pecies-specific nutrient requirements for growth and reproduc- 
ion ( Gökçe, 2016 ), as well as other environmental parameters such 
s conductivity ( Çelekli and Külköylüo ̌glu, 2007 ), oxygen and pH 
 Çelekli et al., 2014 ). Similarly, dinoflagellates are also suitable in- 
icators of nutrient conditions in freshwater systems ( Moore et al., 
013 ). 
Furthermore, non-photosynthetic protists, which are highly re- 
ponsive to environmental disturbances, are omitted in the WFD 
 Keck et al., 2017 ). Of these, amoebas are highly sensitive to various
orms of environmental change including sulfur, nitrogen, carbon 
ioxide, heavy metals and particulate pollutants ( Payne, 2013 ). Cil- 
ates (phylum Ciliophora) are sensitive to local environmental con- 
itions, including low oxygen concentrations, organic enrichment, 
hytoplankton composition, acidification, heavy metal pollution 
nd various other chemical stressors (see references in Lynn, 2008 ). 
ccordingly, ciliate morphospecies, despite not being acknowl- 
dged as a BQE in the EU WFD, are frequently used as suitable bi-
logical indicators for the applied environmental compliance mon- 
toring of rivers in Austria ( Berger et al., 1997 ; Berger and Foiss-
er, 2003 ). They are also used as indicators of activated sludge per- 
ormance in many European countries ( Foissner and Berger, 1996 ; 
adoni, 2011 ). 
Traditional methods for protist detection include staining and 
icroscopy. The diagnosis of protists for the purpose of environ- 
ental monitoring using high-throughput sequencing technolo- 
ies is still a relatively young research field ( Pawlowski et al., 
016b ). However, the few available studies, which have all focused 
n entire protistan communities rather than individual taxa have 
emonstrated the strengths of this approach for modern biomoni- 
oring ( Uyaguari-Diaz et al., 2016 ; Xie et al., 2017 ). 
While for some taxonomic groups, such as diatoms, 
on-ribosomal genes are preferred as genetic markers (e.g. 
asselon et al., 2019 ), the taxonomic diversity of the whole com- 
unity is best captured with ribosomal genes. In the past, the 
4 and the V9 hypervariable region of the 18S rRNA gene have 
roved suitable for the eDNA profiling of protistan communities 
 Debroas et al., 2017 ; Pawlowski et al., 2012 ; Stoeck et al., 2010 ). A
ultiple primer approach has been recommended to capture the 
ull protistan diversity ( Bradley et al., 2016 ; Stoeck et al., 2006 ).
owever, this approach also increases the costs of monitoring as 
ell as the complexity and time in sample and data analyses. 
herefore, the most suitable choice of PCR primers may have to be 6 valuated for each individual ecosystem (e.g. lake, pond, river, or 
reek) and the specific monitoring target (e.g. nutrient pollution, 
rganic enrichment, heavy metal pollution). 
Two well-known shortcomings in using eDNA metabarcoding 
f protistan communities for biomonitoring are taxonomic assign- 
ents of sequences and inferring relative abundances of individual 
ndicator taxa from the sequence data. Due to incomplete refer- 
nce databases, large proportions of sequences remain taxonom- 
cally unassigned (e.g. up to 70% of sequences ( Mortágua et al., 
019 )). However, ecological quality inference from the remaining 
taxonomically assigned) sequences results in highly similar biolog- 
cal quality status as that obtained from morphospecies data. This 
as recently been demonstrated in river monitoring studies using 
iatoms ( Mortágua et al., 2019 ; Rivera et al., 2020 ). Nevertheless, 
 taxonomy-free approach that allows descriptions of diatom com- 
unity structure and diversity without assigning sequences to taxa 
eems preferable for the evaluation of the environmental (health 
nd quality) status of water bodies ( Apothéloz-Perret-Gentil et al., 
017 ; Cordier et al., 2019 ; Feio et al., 2020 ). 
Some studies have shown an acceptable agreement between 
orphospecies abundance or biomass and relative sequence abun- 
ance based on sequencing for at least some taxonomic groups 
 Pitsch et al., 2019 ; Weber and Pawlowski, 2013 ). Yet, variations in
ene copy numbers and genome size among protists ( Zhu et al., 
005 ) can introduce artifacts that bias relative abundance es- 
imates in protistan communities ( Leray and Knowlton, 2016 ; 
iwosz et al., 2020 ). 
A suggested solution to this problem is to focus on individual 
rotistan taxon groups rather than on a whole community so as to 
educe the impact of copy number variation ( Stoeck et al., 2018a ). 
urthermore, it is much easier to avoid quantification bias for in- 
ividual taxonomic groups through the application of a cell biovol- 
me correction factor, as has been successfully shown for diatoms 
 Vasselon et al., 2018 ). Accordingly, relative sequence abundances 
an represent an efficient and reliable measure when inferring the 
cological status of ecosystems based on individual protistan taxon 
roups such as ciliates ( Forster et al., 2019 ; Stoeck et al., 2018a )
r foraminiferans ( Pawlowski et al., 2016a , 2014). Moreover, recent 
rogress in sequencing allows for the cultivation-independent spe- 
ific targeting of other planktonic protists by newly designed flu- 
rescence in situ hybridization (FISH) probes (e.g. Massana et al., 
009 ; Šimek et al., 2020 ). However, while FISH is a promising tool, 
t is also laborious and thus only suitable for providing specific in- 
ormation. This includes visualization of important but morpholog- 
cally almost indistinguishable protistan taxa in situ as well as the 
nspection of food vacuoles to determine their feeding modes and 
ajor trophic interactions. 
In conclusion, a whole protistan community survey can encom- 
ass the taxonomic and potentially functional diversity, thus pro- 
iding a more complete picture of the ecosystem status. A substan- 
ial amount of research remains to be done, however, before the 
road application of either of these approaches in environmental 
onitoring can be initiated ( Mortágua et al., 2019 ) (Supplementary 
able S2; Table 2 ). 






















































































































.2. Prokaryote taxa and functional genes for biomonitoring 
Prokaryotes respond to environmental conditions by changes in 
heir proportional abundances within the community and diversity, 
s well as through expressing various functions. These responses 
re characteristic of individual stressors due to the different phys- 
ology of various bacterial and archaeal lineages in various fresh- 
ater ecosystems (e.g. Garcia et al., 2018 ; Jacquiod et al., 2018 ; 
ewton et al., 2011 ). 
.2.1. Nitrogen input 
High amounts of nitrogen added to the environment by syn- 
hetic and organic fertilizers as well as through the burning of 
ossil fuels heavily contribute to anthropogenic eutrophication. In 
any studies, concentrations of various nitrogen forms, ammo- 
ium, nitrite and nitrates, and total nitrogen (NH 4 
+ -N, N ox -N, 
nd TN) accounted for considerable shifts in bacterial community 
tructures in the sediments of both rivers and lakes ( Fig. 2 , Supple-
entary Table S3). This indicates that nitrogen is particularly im- 
ortant in shaping the diversity patterns of bacterial communities 
n aquatic environments ( Wan et al., 2017 ). In the available litera- 
ure, mostly Nitrospirae, Betaproteobacteriales, Chloroflexi and Sphin- 
obacteriales proportionally increased with nitrogen concentrations 
 Fig. 2 , Supplementary Table S3A). 
Nitrospirae are important nitrite oxidizers in freshwater lake 
ediments. Consequently, these bacteria flourish in high nitrogen 
onditions ( Wan et al., 2017 ), and notably a higher concentrations 
f NH 4 
+ promote the growth of Nitrospirales ( Wan et al., 2017 ). Be-
aproteobacteriales (former class Betaprotobacteria ) are functionally 
iverse, but this order encompasses the majority of ammonia oxi- 
izing bacteria ( Yang et al., 2016a ). It seems that the chemolithoau- 
otrophic members of this group may particularly benefit from in- 
reased concentrations of reduced inorganic nitrogen compounds 
ncluding ammonium. Furthermore, Betaproteobacteriales play a 
ole in nitrogen fixation occurring in sediments ( Wu et al., 2009 ). 
hloroflexi are nitrogen fixing bacteria ( Dos Santos et al., 2012 ), 
nd nitrate has been negatively correlated with Chloroflexi commu- 
ities ( Zhang et al., 2015 ). Finally, Sphingobacteriales , which also in- 
rease with elevated nitrogen, are typically obligatory and faculta- 
ive aerobic chemoorganotrophs. Their increased occurrence in the 
ommunity is likely related to the conditions of waste water treat- 
ent plant effluents described below ( Drury et al., 2013 ) ( Fig. 2 ,
upplementary Table S3A, B). 
A large number of Archaea are also active in processing nitro- 
en in surface waters and sediments ( Wang et al., 2018 ). Interest- 
ngly, while sediment nitrate contents can negatively affect bacte- 
ial diversity, one study found that archaeal community diversity 
as not sensitive to any of the environmental factors measured 
 Zhang et al., 2015 ). 
.2.2. Anthropogenic organic pollution 
The effects of waste water treatment plant (WWTP) effluents 
n microbial activity and diversity have frequently been studied, 
specially in lotic environments. All studies have found bacterial 
ommunities to be strongly influenced by WWTPs or similar pollu- 
ion sources ( Chonova et al., 2018 ; Drury et al., 2013 ; Ibekwe et al.,
016 ). Commonly, increases in the proportions of Nitrospirae, Sph- 
ngobacteriales ( Bacteroidetes ) and Spirochaetes , and a general de- 
rease of Actinobacteria (see below), have been observed in the 
ommunities downstream of WWTPs ( Fig. 2 , Supplementary Table 
3B). 
Nitrospirae and some Bacteroidetes are the dominant taxa of ac- 
ivated sludge ( Huang et al., 2017 ; Wan et al., 2017 ). Therefore,
heir increased proportion in microbial communities directly in- 
icates the influence of WWTP effluents. In contrast, Sphingob- 
cteriales ( Bacteroidetes ) seem to proliferate after the WWTP in- 7 ow, possibly in response to increased resources for the river com- 
unity, which stimulates the growth of bacteria and higher or- 
anisms ( Hladilek et al., 2016 ; Korajkic et al., 2015 ). Spirochaetes , 
nother commonly observed taxon increased in WWTP effluents, 
re known as abundant endosymbionts, often associated with in- 
ertebrate gut contents, where they break down lignocellulose 
nd fix nitrogen ( Van De Water et al., 2016 ). Actinobacteria might 
enerally represent a good bioindicator because the proportion 
f their particular clades in microbial communities across all 
abitats are highly responsive to changing environmental factors 
 Meziti et al., 2016 ; Neuenschwander et al., 2018 ; Newton et al., 
011 ; Youssef and Elshahed, 2009 ). In particular, pelagic acti- 
obacteria seem to be sensitive to eutrophication (e.g. Liu et al., 
019 ), although they are also capable of degrading complex organic 
ompounds and pollutants in the sediment ( Alvarez et al., 2017 ; 
hang et al., 2019 ) ( Fig. 2 , Supplementary Table S3B, C). 
.2.3. Metals, pharmaceuticals and personal care products 
River and lake sediments act as a sink for persistent anthro- 
ogenic contaminants such as heavy metals, antibiotics, other 
harmaceuticals, pesticides, disinfectants and their residues. These 
ompounds are released slowly and pose potential threats to 
quatic life and human health for an extended period of time 
 Kerrigan et al., 2018 ; Liao et al., 2019 ). 
Metals. The toxicity of some metals is a result of their pro- 
xidative activity ( Gauthier et al., 2014 ; Giner-Lamia et al., 2014 ), 
he modification of conformation structures of nucleic acids and 
roteins, and their interference with oxidative phosphorylation and 
smotic balance ( Nies, 1999 ). Although metals clearly interfere 
ith microbial life, no trend has been found for the effects of 
etal pollution on bacterial communities in the studies reviewed 
ere ( Fig. 2 , Supplementary Table S3D). 
Metal contamination of sediments results in the increased 
bundance of genes involved in metal homeostasis, including 
enes for metal import, mobilization, storage and efflux. Efflux 
umps, along with other resistance mechanisms, can be quite gen- 
ral, since they transport many harmful substances from the cell 
 Chandrangsu et al., 2017 ; Roosa et al., 2014 ; Yin et al., 2015 ). Thus,
eavy metals can co-select for resistance to antibiotics, as docu- 
ented in a study which retrospectively researched over a cen- 
ury’s worth of anthropogenic pollution ( Dickinson et al., 2019 ). 
ince metal resistance is often plasmid-bound their presence does 
ot correspond to a specific bacterial taxon due to the inherent 
phemeral nature of these genetic elements, and they should be 
ssessed in a taxonomy-independent way. However, this approach 
ay be complicated by the common association of heavy metal 
nd antibiotic resistance genes in the same plasmids ( Rahube et al., 
014 ). Heavy metals also induce horizontal gene transfer and DNA 
ptake by bacteria, which is evidenced by increased integron activ- 
ty and diversity ( Nemergut et al., 2004 ) offering another bioindi- 
ation approach (see below). 
Pharmaceuticals and personal care products (PCPs) present par- 
icularly in WWTP effluents accumulate in sediments ( Barra Carac- 
iolo et al., 2015 ) resulting in response of local microbial com- 
unities (Supplementary Table S3E). The response of taxa seems 
o be dependent on both the chemical structure of the degraded 
ompound as well as their relationship to oxygen concentration 
 Wolff et al., 2018 ). Antibiotic resistance genes (ARGs) are ei- 
her selected from the community ( Aminov and Mackie, 2007 ) 
r transferred to the environment with bacteria in waste water 
 Amos et al., 2014 ; Rodriguez-Mozaz et al., 2015 ). For the major 
lasses of antibiotics used in human and veterinary medicine, a va- 
iety of resistance determinants exist, which, makes their targeted 
ssessment or quantitation difficult ( Aminov et al., 2002 ) 
Gammaproteobacteria and Cytophaga ( Bacteroidetes ) increased 
n several systems in response to the presence of these chem- 
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Fig. 2. Microbial taxa (including respective phyla) responding to major pollution types in the water column (blue) and sediment (orange). Upward arrows indicate a pro- 
portional increase and downward arrows a proportional decrease of the given taxon within the bacterial community. Taxa highlighted in red were identified with the same 
trend i.e. increase/decrease in multiple studies. The other taxa were found associated with the pollution type in at least one study (see refs. Garrido et al., 2014 ; Guo et al., 
2019 ; Lu and Lu, 2014 ; Sharuddin et al., 2017 ; Sun et al., 2016 ; Ung et al., 2019 ). (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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Table 3 
Specific microbial processes and marker genes. 
Process Gene Activity Method Main hosts Study Site Reference 
CO 2 fixation 
CBB-cycle cbbL, 
cbbM 
RubisCO PCR ubiquitous water column, ratio of oxic and 
anoxic zones within a water body 
European lakes ( Alfreider et al., 2017 ) 
4-hydroxy-butyrate 











pufM M subunit of 
photosynthetic 
reaction center 
qPCR γ -Proteobacteria sediments, salinity, nutrients, 
oxygen variation 
Delaware estuary, USA ( Waidner and 
Kirchman, 2008 ) 
methanogeny/ 
methanotrophy 
CH 4 production mcrA methyl 
coenzyme Q 
reductase 
qPCR Euryarchaeota sediments, positively correlated 
with methane yield; methanogens 
diversity; eutrophication, sediment 
O 2 , organic matter 
Dianchi and Erhai 
Lakes, Yunnan Plateau, 
China; Lake Bourget, 
France 
( Billard et al., 2015 ; 
Wilkins et al., 2015 ; 
Yang et al., 2020 ) 
CH 4 oxidation pmoA methane 
monooxygenase 
qPCR γ -Proteobacteria negative correlation with ammonia 
nitrogen, increase with 
eutrophication 
Dianchi and Erhai 
Lakes, China 
( Knief, 2015 ; Yang et al., 
2019b ; Yang et al., 
2016b ) 
N- cycling 





higher diversity and relative 
abundance of nitrate reducers in 
macrophyte rhizospheres 
compared to unvegetated sediment 
Lake Hampen, 
Denmark 
( Chon et al., 2011 ; 
Kofoed et al., 2012 ; 
Liu et al., 2018 ; 








sediment, negative correlation 
with oxygen concentration, 
positive to NO 3 concentration 
Yangtze Lakes 




qPCR Bacteria sediment, positive correlation with 
TOC, sulfide, cyanobacteria bloom 
Chinese lakes ( Li et al., 2020 ; 
Welsh et al., 2014 ) 
N fixation nifH nitrogenase qPCR Cyanobacteria, 
Proteobacteria, 
Actinobacteria 
N fixation decrease with DIN 
increase (USA rivers), sediment N 
fixation low 
Lake Taihu, China ( Gaby et al., 2018 ) 




( Nitrososphaeria ) 
lake sediment AOA and AOB 
communities were regulated by 
trophic state, main contribution of 
total N and P 
Dianchi and Erhai 
Lakes, China 
( Alves et al., 2018 ; 
Rotthauwe et al., 1997 ; 
Yang et al., 2016a ) 







abundance of sulfate-reducing 
bacteria in industrial waste water; 
presence of diverse and active SRB 
communities in extreme 
ecosystems of hypersaline soda 
lakes 
soda lakes, Kulunda 
Steppe, Siberia, Russia 
( Ben-Dov et al., 2007 ; 
Foti et al., 2007 ; 











anthropogenic impacts and the 
abundance of intI1; assessment of 
the effect of anthropogenic 
activities on watersheds; strong 
association between intI1 and 
ARGs 
watersheds with 
different land use, 
British Columbia, 
Canada 
( Gillings et al., 2015 ; 

































cals, while Betaproteobacteriales decreased ( Grenni et al., 2014 ; 
im et al., 2017 ). The degradation of pharmaceuticals also usually 
ncreases nitrification, which likely reflects the utilization of ni- 
rogen from these compounds by various taxa ( Men et al., 2017 ; 
senga Kumwimba and Meng, 2019 ; Xu et al., 2016 ). The most 
ommon group of enzymes degrading pharmaceuticals and PCPs 
re monooxygenases. These enzymes are relatively rare and not 
idespread among different bacterial species, which makes them 
seful bioindicators ( Achermann et al., 2020 ). 
.2.4. Functional groups and marker genes 
Monitoring the dynamics of functional groups is a preferred ap- 
roach for study aquatic ecosystems because their assessment tar- 
ets precisely the provided ecosystem services. This approach is 
ot generally used for eukaryotic microbes because they are not 
s metabolically diversified and also often difficult to cultivate, so 
he metabolism of many taxa has not been examined. Likewise, 9 rchaea are often only studied in specific situations, so their use 
n functional diversity assessments needs to be researched further 
 Compte-Port et al., 2020 ; Zou et al., 2019 ). 
Traditionally, bacteria are assigned to physiological groups ac- 
ording to substrate utilization, products of metabolism, growth 
ondition preferences and biotic interactions. However, functions 
re unevenly distributed within prokaryotic taxa and thus need to 
e assessed by tools focusing directly on metabolic pathways (e.g. 
alk et al., 2019 ; Yin et al., 2015 ). Moreover, most taxonomic groups 
re not cultivable, so molecular methods are the only cultivation- 
ndependent option for their accurate quantification. A variety of 
unctional genes have already been extensively studied, their ac- 
ivities are well characterized and primers for their direct quantifi- 
ation by qPCR have been validated by studies in different habi- 
ats ( Table 3 ). In the future, the selection of marker genes can 
e based on shotgun metagenomic analyses of contrasting sites to 
omplement the knowledge on metabolic pathways assessed from 




















































































































a  solated microbes, their physiological studies and whole genome 
equences. 
.2.5. Carbon cycling 
Carbon dioxide and methane are currently responsible for ap- 
roximately 80% of the radiative forcing from long-lived green- 
ouse gasses. These two gasses represent key metabolic pathways 
n carbon recycling because they represent a transfer link be- 
ween inorganic and organic carbon forms ( Levine et al., 2011 ). 
n freshwater ecosystems, heterotrophic bacteria, despite their tiny 
ize, regulate the freshwater carbon cycle by processing globally- 
ignificant amounts of carbon. Therefore, it is essential to under- 
tand the factors that control microbial activity – i.e. the underly- 
ng context for why freshwater ecosystems serve as hot spots for 
arbon cycling ( Schmidt et al., 2020 ). 
Carbon sequestration . The most important global carbon sink 
s photosynthetic carbon dioxide fixation (CO 2 ). However, the 
hemolithotrophic fixation of CO 2 is also important and distributed 
hrough different phyla of bacteria and archaea ( Berg, 2011 ). Since 
he known pathways of CO 2 fixation are respective to either pho- 
otrophic microorganisms or chemolithotrophic bacteria and ar- 
haea, monitoring of genes specific to these pathways may reveal 
he different proportions of assimilated CO 2 between oxygenated 
nd oxygen-deficient environments ( Alfreider et al., 2017 ) ( Table 3 ). 
Methanogeny and methanotrophy . Methanogenesis contributes 
o the removal of organic matters and is the central process 
n the carbon cycle within anoxic layers of water and sedi- 
ents ( Lüders, 2001 ; Staley et al., 2014 ; Yang et al., 2020 ). The
ethyl coenzyme-M reductase α-subunit encoding gene ( mcrA ) 
as been used as a marker to assess the abundance and diver- 
ity of methanogen populations, and the gene encoding monooxy- 
enase subunit A ( pmoA ) as a marker of methanotrophic com- 
unities ( Yang et al., 2019 b, 2020 ). Changes in the abundance of
ethanogens may indicate a limited oxygen availability in the sed- 
ments ( Horton et al., 2019 ; Wang et al., 2018 ) ( Table 3 ). Targeting
ethano- and methylotrophy is essential for determining the po- 
ential of methane release ( Knief, 2015 ). 
.2.6. Nitrogen cycling pathways 
The biogeochemical cycling of nitrogen and carbon appear to 
e most heavily impacted by human activities ( Gruber and Gal- 
oway, 2008 ). The high availability of various nitrogen forms in 
oth sediment and water bodies is often reflected by an increased 
roportion and expression of genes encoding specific processes in- 
olved in nitrogen cycling. For example, nitrification, anammox, 
enitrification, or dissimilatory nitrate reduction to ammonium 
ave been detected by metagenomic/metatranscriptomic and tar- 
eted quantitative studies ( Fan et al., 2019 ; Pang et al., 2019 ;
ang et al., 2016a ; Yao et al., 2018 ; Yin et al., 2019 ) ( Table 3 ). The
alance between N sinks (e.g. denitrification, riverine outputs and 
ediment burial) and sources (e.g., N 2 fixation, sediment release, 
iverine inputs and atmospheric deposition) determines the N bud- 
et in an ecosystem ( Yao et al., 2018 ). 
Nitrogen fixation. Cyanobacteria include many N 2 -fixing taxa but 
eterotrophic, chemolithotrophic and chemoorganotrophic bacteria 
nd archaea can also carry out N 2 fixation. Thus, the potential for 
ediment N 2 fixation is widespread ( Severin et al., 2012 ; Yao et al.,
018 ). Nitrogen fixation activities have been correlated with sed- 
ment water content, density, TN content and TP content, as well 
s with the quantity and quality of organic matter in sediments 
 Newell et al., 2016 ). In one study, nitrogen fixation was signifi- 
antly negatively correlated with nitrate levels, dissolved inorganic 
 levels and denitrification rates ( Caton et al., 2018 ), while an- 
ther study correlated N fixing nifH genes with NH 4 
+ ( Fan et al., 
019 ). Interestingly, it seems that decreased nitrogen fixation in 
ediments can predict cyanobacterial blooms ( Yao et al., 2018 ). 10 Nitrification and denitrification. Long-term high N loading affects 
he central processes of the N cycle by increasing rates of nitri- 
cation and denitrification and decreasing the efficiency of N use 
y community members. The relative abundances of denitrification 
enes, nitrification genes, and all P related genes have showed a 
ignificantly positive correlation with the levels of nutrients, such 
s TN, TP, TOC and NH 4 
+ ( Fan et al., 2019 ). The ammonia oxidiz-
ng genes of Archaea and Bacteria are involved in the nitrification 
rocess, and bacterial ammonia oxidizers seem to be less sensitive 
o eutrophication than archaeal ones ( Yang et al., 2016a ). Further- 
ore, nitrate reduction and methanogenesis appear to be primary 
rocesses in the contaminant transformations of persistent organic 
ollutants ( Falk et al., 2019 ). 
.2.7. Phosphorus and sulfur cycling pathways 
Phosphorus is a limiting factor for organisms in terrestrial, 
ceanic and freshwater environments, particularly during the 
rowing season because biologically available inorganic phosphate 
ends to get depleted ( Janssen et al., 2019 ). Under such circum- 
tances, microorganisms utilizing P-containing organic compounds 
ave an advantage. The major enzymes required for this activity 
re alkaline phosphatases (APases) of PhoA, PhoX and PhoD fam- 
lies. These differentiate the functional groups into phototrophic 
yanobacteria and heterotrophic Proteobacteria and Firmicutes , the 
ther phyla possessing these enzyme activities ( Kageyama et al., 
011 ) ( Table 3 ). Different abundance distribution patterns of var- 
ous phosphatases have been observed in summer and winter, 
hile phosphorus solubilization was shown to be one of the most 
mportant processes in summer ( Fan et al., 2019 ). 
Sulfate reducers are key organisms in the decomposition of or- 
anic matter in anoxic environments because they have the high- 
st affinity for acetate, the final product of fermentation, and recy- 
le it to CO 2 , while also releasing hydrogen sulfide ( Lovley et al.,
982 ). Genes from sulfate reduction pathways, in particular the 
psA ( aprA ) gene coding for adenosine phosphosulfate reductase 
nd dsrAB sulfite reductase, have been proposed as bioindicators 
 Watanabe et al., 2016 ). The increased occurrence of genes from 
ulfate-reducing pathways is typically connected to metal pollu- 
ion ( Yin et al., 2015 ); however, the genes are also indicative of 
ther pollutants such as microplastics ( Pinnell and Turner, 2019 ) 
 Table 3 ). 
.2.8. Mobile genetic elements 
Of the mobile elements participating in horizontal gene trans- 
er, integrons have received attention for reacting to different 
ypes of anthropogenic pollution ( Gillings et al., 2015 ). They were 
rst characterized as elements disseminating antibiotic resistance; 
owever, molecular studies have revealed that integrons occur 
n all environments, are able to move between species and lin- 
ages, and appear to play a general role in bacterial adaptation 
nd genome evolution ( Gillings, 2014 ). Furthermore, these genes 
eside in diverse bacterial species, often on mobile genetic ele- 
ents, and are often linked to antibiotic resistance, disinfectants 
nd heavy metals. Quantification of a relatively conserved vari- 
nt of class 1 integron-integrase gene intI1 spreading in clinical 
nvironments was successfully used in the monitoring of anthro- 
ogenic pollution. Also gene abundance can rapidly change in re- 
ponse to a broad range of environmental pressures, including 
olycyclic aromatic hydrocarbons ( Wang et al., 2017 ) and pesticides 
 Dealtry et al., 2014 ). Both integrases intl1 and intl2 also increased 
n biofilms colonizing microplastic particles ( Wang et al., 2020 ). 
. Microbial indices 
Microbial indices based on eukaryotes are mainly focused on di- 
toms in streams and rivers ( Rimet, 2012 ; Stevenson et al., 2010 ).
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Table 4 
Prokaryotic indices. 
Index Habitat Definition Reference 
bacterial eutrophic index 
(BEI) 
freshwater, water column ratio of abundance of Cyanobacteria and Actinobacteria ( Ji et al., 2019 ) 
AOA/AOB proportion freshwater, lake surface 
sediments 
proportion of ammonia-oxidizing archaea (AOA) and bacteria (AOB) ( Yang et al., 2016a ) 
bacterial community index 
(BCI) 
freshwater, stream biofilms based on clustering the bacterial community profiles generated by 
Automated Ribosomal Intergenic Spacer Analysis (ARISA) 
( Lau et al., 2015 ) 
microbial community-based 
index of biotic integrity 
(MC-IBI) 
freshwater, river sediments % FCA (percentage of Firmicutes, Chloroflexi and Acidobacteria ); log 16S 
rRNA/ARG (log the ratio of 16S rRNA gene to antibiotic resistance gene); log 
AOB/AOA (log the ratio of ammonium oxidizing bacteria to ammonium 
oxidizing archaea); nirK / nirS (ratio of nirK gene to nirS gene); BFG/A (ratio of 
Bacteroidetes, Firmicutes and Gammaproteobacteria to Alphaproteobacteria ) 
( Niu et al., 2018 ) 
microbial community-based 
index of biotic integrity 
(Ba-IBI) 
freshwater, river sediments Bacilli, Bacteroidetes , and Clostridia to Alphaproteobacteria (BBC/A) 
Oxalobacteraceae , methanotrophs, thermophiles 

























































































he standardized indices are based on traditional morphologi- 
al identifications ( Kelly et al., 2009 ). Recently, eDNA-based ap- 
roaches have been developed, a curated reference database has 
een established (e.g. Rimet et al., 2019 ), and up-scaling for mon- 
toring networks has been processed (e.g. Vasselon et al., 2019 ). 
tandardization is now in progress at the European Committee for 
tandardization ( CEN, 2018a , 2018b ). However, these approaches 
re mostly based on existing morpho-taxonomic indices, changing 
nly the methodology used to obtain species lists. DI-MOLTAXFREE 
 Apothéloz-Perret-Gentil et al., 2017 ), based on amplicon sequenc- 
ng of 18S rRNA, is the only currently proposed taxonomy-free di- 
tom index ( Table 2 ). 
Several types of prokaryotic indices have been proposed to date, 
ased on abundances or proportions of selected taxa responsive to 
ertain environmental conditions, or on taxa providing a specific 
unction in the water column or sediment ( Table 4 ). The indices 
ave already been used for the identification of characteristics such 
s nutrient levels, urbanization intensity, land use, etc., and have 
uccessfully been correlated with those based on eukaryotic tax- 
nomic groups such as macrophytes, macroinvertebrates or fishes. 
owever, as different taxonomic indicators may highlight distinct 
tressors on aquatic systems, indicators based on different biolog- 
cal groups can conflict in their assessment of ecosystem health 
tatus ( Horton et al., 2019 ). 
In freshwater environments, Yang et al. (2016a) observed a dif- 
erence in the proportion of ammonia-oxidizing archaea (AOA) and 
acteria (AOB) in lakes differing in their trophic status, with AOB 
eing more abundant in a hypertrophic lake. Niu et al. (2018) pro- 
osed a complex microbial community-based index of biotic in- 
egrity (MCIBI) for assessment of the ecological status of rivers 
ased on prokaryotic communities in the sediment. The index 
ncludes five core metrics ( Table 4 ). Among the included met- 
ics, the highest discriminative power is provided by log AOB/AOA 
log of the ratio of ammonium oxidizing bacteria to ammonium 
xidizing archaea) and BFG/A (the ratio of Bacteroidetes, Firmi- 
utes and Gammaproteobacteria to Alphaproteobacteria ), followed 
y % FCA (percentage of Firmicutes, Chloroflexi and Acidobacteria ). 
i et al. (2019) proposed a Bacterial Eutrophic Index (BEI) to quan- 
itatively describe water quality, which was defined as the ratio of 
he relative abundance of Cyanobacteria and Actinobacteria OTUs in 
he water column. At the studied sites, the BEI index ranged be- 
ween 0.55 and 2.65 for lakes of the lowest and the highest trophic 
evels, respectively. Novel indices can be proposed using a combi- 
ation of the above-mentioned taxa with high bioindication val- 
es and functional genes. In such indices, general variables such 
s microbial diversity or the relative proportion of primary pro- 
ucers or their quantity (defined by chlorophyll a concentration) 
ight be combined with more specific indicators reflecting indi- 
idual functional groups. Together these may then more precisely b
11 ssess the quality of an environment ( Niu et al., 2018 ; Yang et al.,
019 a). 
. Microbial communities 
.1. Responses to multiple stressors 
Environmental stressors and disturbances include impacts from 
iffuse sources. For example, the runoff of inorganic nutrients 
rom agriculture and other land use, natural organic compounds 
rising from animal husbandry or urbanized areas, or more spe- 
ific compounds coming from storm-water runoff, WWTP effluents, 
round water, or even underground constructions such as pipes 
r trenches ( Hatt et al., 2004 ; Ibekwe et al., 2016 ; Lemaire et al.,
020 ; Wiest et al., 2018 ). 
These stressors co-occur in ecosystems and often interact to 
roduce effects that can be less than the sum of their indi- 
idual effects (antagonistic – overall decreased stress) or greater 
han the sum of their individual effects (synergistic – overall in- 
reased stress) ( Birk et al., 2020 ; Folt et al., 1999 ; Piggott et al.,
015b ). Non-additive effects are frequent, often being the rule 
ather than the exception in aquatic systems ( Orr et al., 2020 ). 
owever, current legislation on biomonitoring and the manage- 
ent of aquatic ecosystems is often based on the assumption that 
he effects of multiple stressors are additive ( Villar-Argaiz et al., 
018 ; Jackson et al., 2016 ; Crain et al., 2008 ), which may result in
n underestimation of impacts. 
Multiple stressors may depend on an organism’s mode of 
utrition, i.e., autotrophs may tend to respond antagonisti- 
ally, while heterotrophs tend to respond more synergistically 
 Nuy et al., 2018 ). Antagonistic effects of stressors seem more com- 
on in primary producers and freshwaters, while a synergy of 
tressors is more common in marine environments. Synergistic re- 
ponses still occur in freshwater systems, but need further in- 
estigations to ensure sufficient management ( Crain, et al., 2008 ; 
ackson et al., 2016 ). Antagonisms seem to be the more common 
tressor-induced interaction at the community level, likely due to 
he co-tolerance of taxa ( Nuy et al., 2018 ; Salis et al., 2017 ) as a
olerance to one stressor can improve the tolerance to a second 
tressor that acts through similar mechanisms ( Vinebrooke et al., 
004 ). 
Many microbes are substrate-flexible and metabolize both 
norganic and organic compounds of anthropogenic origin 
e.g. pollutants), mitigating some of the anthropogenic impact 
 Kiersztyn et al., 2019 ). However, the degradation byproducts 
f pollutants can sometimes be more toxic than the original 
ompound ( Varjani et al., 2017 ), so specialized microbes with 
ppropriate metabolic capabilities may be needed for their further 
iodegradation ( Chakraborty and Das, 2016 ). The synergy or an- 
























































































































a  agonism of multiple stressors must be considered when searching 
or bioindicators because some stressors may produce common 
ffects. The response of organisms to multiple stressors seems to 
e dependent on the environmental conditions of aquatic systems 
 Richardson et al., 2018 ) . In line with this, effects of stressors
n biofilm formation were found to depend on sediment and 
utrient conditions ( Piggott et al., 2015 a). Similarly, ecosystem 
rocesses were observed to be more vulnerable to stress in 
aturally harsh environments usually inhabited by specialized 
icrobes ( Tolkkinen et al., 2015 ). Since microbes are abundant and 
unctionally diversified, even a small change in the composition 
f primary producers leads to significant changes in the quality of 
heir metabolites and exudates, and thus may cause large changes 
n specialized microbes. In such situations, specialized groups may 
e used for disentangling the combined effects of various stressors 
e.g. Hor ̌nák et al., 2017 ). 
.2. Biotic interactions 
Microbial community patterns are strongly influenced by com- 
lex interactions between biotic and abiotic factors, as well as typ- 
cal doubling times of microbes of hours to days ( Pernthaler, 2017 ; 
imek et al., 2014 ). Environmental and geographic factors explain 
nly a part of the biological variation ( Bock et al., 2020 ). For ex-
mple, interactions include the bacterial incorporation of organic 
arbon exudated by phytoplankton ( Hor ̌nák et al., 2017 ; Sarmento 
t al., 2016 ; Šimek et al., 2011 ; Woodhouse et al., 2018 ), or grazing
y heterotrophic protists ( Grossart et al., 2008 ; Gruj ̌ci ́c et al., 2018 ;
ernthaler, 2005 ; Salcher et al., 2016 ; Šimek et al., 2013 ). Notably,
ven small changes in characteristics of the bacterial prey commu- 
ity have been found to rapidly cascade up to the food chain via 
 considerable alteration in the trophic level of protistan preda- 
or communities ( Gruj ̌ci ́c et al., 2018 ; Šimek et al., 2020 , 2013 ).
oreover, heterotrophic bacteria can produce growth-promoting 
ompounds such as vitamins and can improve nutrient supplies 
or phytoplankton ( Cole, 1982 ; Croft et al., 2005 ). The presence 
nd abundance of distinct species thus affects the occurrence of 
ther species due to biotic interactions including trophic relation- 
hips, symbiosis, parasitism, allelopathy or chemical communica- 
ion. Some species with similar preferences may co-occur in the 
ame habitats or exclude each other by competition in micro- 
iches, and some replace each other by chance ( Grossmann et al., 
016 ; Louca et al., 2018 ), which complicates the interpretation of 
o-occurrence patterns. 
Due to the significance of random processes in community 
ssemblies, multi-species and community approaches are likely 
o be more reproducible and more reliable for biomonitoring 
han single-species approaches. Assigning OTUs to trophic guilds 
r functional traits is a straightforward basis for tracking down 
roups of OTUs that have a similar bioindication value. How- 
ver, such assignments are currently limited to very general traits 
 Ramond et al., 2019 ), while only a very minor fraction of amplicon
iversity can be linked to more specific traits given the vast gaps 
n linking microbial sequences to species and species to ecology. 
o-occurrence networks and related tools are indicative of interac- 
ions without an a priori knowledge about the species identity and 
cology behind distinct OTUs ( Bock et al., 2020 ; Steele et al., 2011 ).
urthermore, parameters elucidated by network analyses, such as 
he connectedness and the presence or absence of certain inter- 
ctive links, might be strong indicators for habitat characteristics 
 Schloter et al., 2018 ). 
. Recommendations for biomonitoring 
Molecular methods based on the extraction of nucleic acids 
r proteins from environmental samples enable a complex view 12 f microbial communities. As a result, their composition, struc- 
ure and diversity have been connected to environmental traits 
nd stressors ( Newton and McLellan, 2015 ; Tanentzap et al., 
019 ), with these measures able to be used as broad scale 
ioindicators. 
However, even in this broad scheme, sediment or water col- 
mn habitats should be sampled separately because their microbial 
ommunities differ substantially ( Ibekwe et al., 2016 ; Zeglin, 2015 ). 
n addition, the responses to stressors differ according to long-term 
nd short-term events. Long-term continuous impacts typically 
ead to a changes in community compositions (e.g. Gillan et al., 
015 ). The effects of combined stressors on microbial commu- 
ity are also clearly influenced by functional redundancy and var- 
ous resistance mechanisms, which differ considerably between 
axonomic and functional groups ( Delgado-Baquerizo et al., 2017 ; 
eng et al., 2020 ; Jacquiod et al., 2018 ). Thus, functions com- 
only provided by many taxa are less affected by the community 
omposition. In comparison, shared resistance within related taxo- 
omic groups may ensure group survival, which can result in dif- 
erences in the resistance and resilience of various taxa, also lead- 
ng to community alteration ( Cabrerizo et al., 2019 ). Finally, dif- 
erent growth rates reflecting optimal conditions for non-affected 
axa may further modify the resulting community composition 
 Pernthaler, 2017 ). 
For more precise bioindication, the methodological approach 
hould be selected depending on the goal, i.e. the type of as- 
essed pollution ( Achermann et al., 2020 ). Therefore, the expected 
river(s) of environmental changes, such as water level fluctu- 
tions, eutrophication from agriculture, WWTP effluents, diffuse 
ollution, metals, etc. should be identified a priori for adequate 
ater quality evaluation. Apart from the already-mentioned mon- 
toring strategy, focusing on measures of community composition, 
tructure and diversity (see introduction; strategy B), the tracking 
nd quantification of individual microbial taxa (strategy A), or the 
argeting of specific functional groups or genes (strategy C), may 
lso be used depending on the particular situation. Strategy A pos- 
ibly represents the easiest modification to current routine proto- 
ols because monitoring of those organisms is already part of leg- 
slation. The other strategies can be applied to various sources of 
ollution bioindication as follows: 
Eutrophication and diffuse pollution seem to be most appro- 
riately monitored using the bacterial community structure in 
he water column. In both lakes and rivers, eutrophication leads 
o an increase in bacteria OTU richness ( Henson et al., 2018 ; 
bekwe et al., 2016 ; Kiersztyn et al., 2019 ), which implies that 
ommunity richness is a general bioindicator of eutrophication. 
he taxonomic composition of bacteria is strongly influenced by 
he presence of planktonic cyanobacteria, which proportionally in- 
rease with eutrophication (for European lakes, see Kiersztyn et al., 
019 ), while pelagic actinobacteria prefer oligotrophic habitats and 
ecrease with eutrophication ( Zeglin, 2015 ). This suggests the ratio 
etween cyanobacteria and actinobacteria OTUs in open water is 
nother community bioindicator, which has been already tested in 
he monitoring of some Chinese lakes ( Ji et al., 2019 ). 
Yet, only the short-term impacts of eutrophication can be ap- 
ropriately determined using bacterial communities. That is due to 
he fact that longer exposure to eutrophication leads to the adap- 
ion of bacteria to increased nutrient levels, which stabilizes the 
acterial community and the influence of eutrophication is dimin- 
shed ( Jacquiod et al., 2018 ; Kiersztyn et al., 2019 ). Despite this, the
ong-term effect of continuous eutrophication can result in loss of 
eta diversity (Monchamp et al. 2018). 
In addition to eutrophication, augmented levels of nitrogen can 
e indicated using the bacterial community structure in both lakes 
nd rivers. In particular, Betaproteobacteriales increase proportion- 
lly with N concentrations ( Horton et al., 2019 ; Wan et al., 2017 ).



























































































































n both rivers and lakes, Nitrospirae seem to systematically posi- 
ively correlate to increased nitrogen, not only with respect to dis- 
ersed pollution but also in response to WWTP or point source 
ffluents, which makes them a good indicator of hidden inputs of 
aste water (e.g. Chu et al., 2018 ; Drury et al., 2013 ; Huang et al.,
019 ). 
Organic pollution and compounds associated with organic mat- 
er such as pharmaceuticals and cosmetics seem to be best moni- 
ored in sediments where both natural organic compounds and an- 
hropogenic organic pollutants accumulate, making sediments an 
ccumulation hotspot ( Jacquiod et al., 2018 ). In sediment prokary- 
tic communities, the proportion of Actinobacteria may be the sim- 
lest indicator of organic pollution since Actinobacteria are adapted 
o high concentrations of organic matter ( Zeglin, 2015 ) and con- 
istently increase with organic contamination deposited in sedi- 
ents ( Beale et al., 2017 ; Ibekwe et al., 2016 ). Furthermore, a de-
rease in richness and other diversity measures can be a measure 
f organic pollution, because the reduced taxonomic and poten- 
ially also functional diversity is a result of biotic homogenization 
rising from major pollutant discharges or through the introduc- 
ion of non-indigenous bacteria ( Drury et al., 2013 ). A more spe- 
ific approach in the determination of organic pollution could use 
he class 1 integron integrase intI1 gene as a marker of horizon- 
al gene transfer, the frequency of which increases in organically 
olluted waters ( Gillings et al., 2015 ). 
Microbial functional groups offer an elegant de novo approach to 
iomonitoring through the quantification of individual nutrient cy- 
ling pathways. The most important are the carbon and nitrogen 
ows and sinks. Methane production is a key pathway in the car- 
on cycle and methane metabolism is correlated to organic pollu- 
ion through oxygen availability. Quantification of mcrA and pmoA 
enes, which respectively mark methanogeny and methanotrophy, 
ave already been applied in the Ba-IBI index ( Yang et al., 2019 a).
ur suggestion is to add measures/proxies of primary production 
ither by the respective genes or simply by quantifying chloro- 
hyll a to assess the proportion of CO 2 fixation to the methane 
ycle as a measure of carbon flow. Since Euryarchaeota are the 
nly methanogens, their proportion in the prokaryotic community 
ay be used instead of gene quantification for the community 
tructure-based approach. For nitrogen, the key pathways include 
 2 fixation and denitrification, and thus the proportional quantity 
f the respective genes may represent a novel bioindicator of ni- 
rogen flow. 
Metal pollution can be determined using either community 
tructure, particularly by the increased proportion of Betapro- 
eobacteriales together with an altered proportion of other taxa 
see Fig. 2 ), or bacteria typical for sulfur metabolism from the 
lass Deltaproteobacteria ( Desulfomicrobiaceae, Desulfobacteraceae ) 
 Hatam et al., 2019 ; Liao et al., 2019 ). Metal pollution can also
e detected by genes coding for metal homeostasis, the gene apsA 
oding for adenylyl-sulfate reductase, or other genes involved in 
he dissimilatory sulfate reduction pathway ( Li et al., 2018 ) (see 
ig. 2 ). 
Pharmaceuticals, cosmetics and other anthropogenic organic 
olecules appear to be most challenging for bioindication, be- 
ause their individual characteristics cause specific changes in mi- 
robial communities, which may be difficult to observe in com- 
lex samples. Ecological studies have revealed chronic long-term 
egative impacts on aquatic habitats rather than immediate toxic- 
ty ( Barra Caracciolo et al., 2015 ). Interactions among enzymes and 
uch pollutants have identified several groups of potentially in- 
icative taxa and genes; however, our current knowledge remains 
imited ( Achermann et al., 2020 ) for routine applications. There- 
ore, specific bioindication may only be possible through func- 
ional community metrics of metagenomics/metatranscriptomics 
 Fig. 1 B). 13 . Future possibilities for biomonitoring studies 
Metagenomics/metatranscriptomics can predict community 
unctions, even if the function is rare ( Achermann et al., 2020 ). 
hese approaches are thus promising, but relatively few reference 
atasets are currently available and they often lack a sufficient 
umber of replicates ( Achermann et al., 2020 ; Cordier et al., 2020 ).
onsequently, we propose that the construction of large-scale 
patial and temporal metagenomic/metatranscriptomic reference 
ata sets covering habitats relevant to water quality bioindication 
hould proceed, including references to methodologies and data 
torage. Using this approach, co-variations of functional genes, 
pecies and environmental variables can be identified, thus facili- 
ating the selection of appropriate bioindicators. The focus might 
e placed on 1) genes indicating trophic status that participate in 
ajor nutrient pathways, particularly those that enable transitions 
etween inorganic and organic forms (e.g. methanogens and 
ethanotrophs, or nitrogen fixators and denitrifies); or 2) genes 
ndicating toxic pollution, i.e., those participating in horizontal 
ene transfer, particularly of various resistances. Furthermore, 
hallow metagenomic techniques are becoming financially more 
fficient than multiple quantitative PCR, though the results are 
ore complex. However, manipulative laboratory studies target- 
ng the effects of individual and multiple stressors on various 
arameters of aquatic environments should also be conducted 
o gain additional insights into the functioning of aquatic mi- 
robial communities using metagenomics/metatranscriptomics. 
inally, the identification of keystone taxa and rare community 
embers should be included in environmental evaluations to 
ssess aquatic ecosystem stability, long-term adaptation and the 
esolution of functional redundancy ( Herren and McMahon, 2018 ; 
ernthaler, 2017 ; Poursat et al., 2019 ). 
A further recommended approach to improve the application 
f environmental genomics-based bioindication by microorganisms 
s to introduce novel bioinformatic tools. Firstly, network analyses 
an identify taxa with similar habitat requirements and/or interact- 
ng taxa ( Banerjee et al., 2016 ; Bock et al., 2020 ), and also estab-
ish sets of sequence variants indicative of certain habitat charac- 
eristics, similar to the current use of indicator morphospecies in, 
.g., macrozoobenthos or diatoms. Similarly, supervised machine 
earning is currently the best solution to classification problems 
nvolving multidimensional and noisy datasets ( Libbrecht and No- 
le, 2015 ), and its use could significantly improve the reliability of 
icrobial community patterns analyses ( Cordier et al., 2020 , 2019 ). 
he application of such techniques requires training datasets, for 
hich model metagenomic/metatranscriptomic studies are most 
seful because of the unbiased quantification of both commu- 
ity structure and the presence/activity of bioindicating metabolic 
athways. 
. Outlook: practical applications 
The still-incomplete list of case studies presented in this re- 
iew highlight the immense added value of microbial indicators for 
nvironmental monitoring and process understanding in freshwa- 
er ecosystems. While for many important stressors the pressure- 
esponse functions are well-known, a profound understanding of 
he indication value of microbial taxa in the context of novel and 
ultiple stressors is still in need of further validation prior to in- 
lusion in formal regulatory biomonitoring programs. Such method 
lausibility checks and data validation are needed in the context 
f larger transdisciplinary networks. Based on the derived results, 
ormal implementation can be initiated. Here, case studies should 
arget long-term ecological monitoring sites (e.g. Haase et al., 2018 ; 
irtl et al., 2018 ), routine monitoring sites of regulatory moni- 
oring programs, as well as operational monitoring sites from e.g. 




































































































ewage plants or aquacultures (e.g. Pawlowski et al., 2016a , 2014 ). 
or such sites, a wealth of information on other environmental 
arameters, in particular stressors, typically exist. This creates a 
nique set of metadata to fuel synergies when it comes to develop- 
ng novel diagnostic tools as part of so-called weight-of-evidence 
pproaches (e.g. Höss et al., 2011 ; Wolfram et al., 2012 ). 
Besides such coordinated approaches to derive indicators, for- 
al standardization is of critical importance. Scientific standards 
f microbial community analysis using high-throughput amplicon 
equencing have previously been proposed e.g. for soil samples 
ithin the Earth Microbiome project ( https://earthmicrobiome.org ) 
ncluding DNA isolation ( Marotz et al., 2017 ; Minich et al., 2018 ),
mplification and sequencing ( Caporaso et al., 2012 , 2011 ), and 
or marine water column samples ( Jeunen et al., 2019 ). However, 
hen considering the application of novel indicators into future 
egulatory monitoring, formal standardization e.g. via the Interna- 
ional Organization for Standardization (ISO) or (in parallel) the 
uropean Committee for Standardization (CEN CENELEC) is a piv- 
tal step. This starts with decisions on where and how to sample, 
ecause great variability exists due to seasons and various unex- 
ected point sources of contaminated water ( Lemaire et al., 2020 ; 
eziti et al., 2019 ; Wan et al., 2017 ; Yao et al., 2018 ). Here, how-
ver, traditional standards for sampling and propositions for novel 
DNA based methods are in the process of development (CEN/TC 
30/WG 28). 
With respect to laboratory analysis, it is known that the repro- 
ucibility of molecular techniques largely depends on the quality 
nd representativeness of environmental DNA including cell lysis 
nd purification steps. Furthermore, the quantification of marker 
enes by real-time qPCR are especially sensitive to template eDNA 
uality including fragmentation and the presence of inhibitors, 
hich may be site and sample-specific ( Hargreaves et al., 2013 ). 
any formal standards for traditional biomontioring programs ex- 
st and are intercalibrated. The same holds true for medical, foren- 
ic or classical ecotoxicological analyses. For example, ISO 11063 
escribes standards for DNA extraction for assessing microbial 
bundance and community structure in soils, and ISO 22119 on 
rocedures for qPCR validation of food-borne pathogens. 
In addition to field and lab standards, the standardization 
f bioinformatic pipelines will be also needed to achieve inter- 
aboratory comparability of results, as existing pipelines have 
een shown to provide different outputs ( Bailet et al., 2020 ). 
y co-extracting variable types and amounts of inhibitory sub- 
tances, limitations may be diminished by using digital-droplet 
CR (ddPCR) ( Dingle et al., 2013 ; for details see Methodologi- 
al annex). Again, a comparability of results among laboratories 
equires rigorous standards, which may be inspired by the pro- 
osed minimum information for the publication of quantitative 
CR experiments for real-time PCR ( Bustin et al., 2011 ) and ddPCR 
 Huggett et al., 2013 ). 
0. Conclusions 
In conclusion, our review demonstrates that the inclusion of 
icrobial bioindicators can provide improved assessments of wa- 
er quality, including both general and specific stressor diagnostics. 
lthough bioindicators of processes such as eutrophication have al- 
eady been established by other approaches, the use of microbes, 
nd prokaryotes in particular, represents not only a monitoring tool 
ut also a path toward the deeper understanding of processes un- 
erlying water quality parameters. Using microbes for the regu- 
ar observation of major nutrient pathways and recycling allows 
he quantification of flows and sinks in the biosphere over long 
ime periods. Finally, studies on microbes have proposed various 
ioindicators that can be used to create biotic indices, specifically 
argeting the most important stressors in various regions and habi- 14 ats. The indices developed so far have shown that a combination 
f taxon-dependent markers with functional markers is possible, 
hich makes them more powerful than currently-used traditional 
ndices based only on the identification of taxa. Considering all 
urrently available results, we advise that decisions be made to- 
ards including microbes, with their high growth and community 
ynamics, in biomonitoring programs of freshwater environments. 
eclaration of Competing Interest 
The authors declare that they have no known competing finan- 
ial interests or personal relationships that could have appeared to 
nfluence the work reported in this paper. 
cknowledgements 
The work is the result of DNAqua-Net workshop sup- 
orted by European Cooperation in Science and Technology 
COST) grant CA15219 ( DNAqua-Net). MSM and AS were sup- 
orted by Ministry of Education, Youth and Sports of the 
zech Republic, European Regional Development Fund-Project 
Z.02.1.01/0.0/0.0/16_019/0 0 0 0845 and LTC20 063. AB and TC were 
unded by OFB (Office Français de la Biodiversité). JK was sup- 
orted by Ministry of Agriculture of the Czech Republic, grant 
O0418. PN and KP were supported by Estonian Research Coun- 
il grants PUT PRG709, PUT PRG705 and base financed project 
190250PKKH of Estonian University of Life Sciences. SO was par- 
ially supported by the project STIM – REI, Contract Number: 
K.01.1.1.01.0 0 03, a project funded by the European Union through 
he European Regional Development Fund – the Operational Pro- 
ramme Competitiveness and Cohesion 2014–2020 (KK.01.1.1.01). 
upplementary materials 
Supplementary material associated with this article can be 
ound, in the online version, at doi: 10.1016/j.watres.2020.116767 . 
eferences 
chermann, S., Mansfeldt, C.B., Müller, M., Johnson, D.R., Fenner, K., 2020. Relating 
metatranscriptomic profiles to the micropollutant biotransformation potential 
of complex microbial communities. Environ. Sci. Technol. 54, 235–244. doi: 10. 
1021/acs.est.9b05421 . 
l-Tebrineh, J., Mihali, T.K., Pomati, F., Neilan, B.A., 2010. Detection of saxitoxin- 
producing cyanobacteria and Anabaena circinalis in environmental water blooms 
by quantitative PCR. Appl. Environ. Microbiol. 76, 7836–7842. doi: 10.1128/AEM. 
00174-10 . 
lfreider, A., Baumer, A., Bogensperger, T., Posch, T., Salcher, M.M., Summerer, M., 
2017. CO 2 assimilation strategies in stratified lakes: diversity and distribution 
patterns of chemolithoautotrophs. Environ. Microbiol. 19, 2754–2768. doi: 10. 
1111/1462-2920.13786 . 
lvarez, A., Saez, J.M., Davila Costa, J.S., Colin, V.L., Fuentes, M.S., Cuozzo, S.A., Ben- 
imeli, C.S., Polti, M.A., Amoroso, M.J., 2017. Actinobacteria: current research and 
perspectives for bioremediation of pesticides and heavy metals. Chemosphere 
166, 41–62. doi: 10.1016/j.chemosphere.2016.09.070 . 
lves, R.J.E., Minh, B.Q., Urich, T., Von Haeseler, A., Schleper, C., 2018. Unifying the 
global phylogeny and environmental distribution of ammonia-oxidising archaea 
based on amoA genes. Nat. Commun. 9, 1–17. doi: 10.1038/s41467- 018- 03861- 1 . 
minov, R.I., Garrigues, N., Krapac, I.J., White, B.A., Mackie, R.I., Teferedegne, B., 
2002. Development, validation, and application of PCR primers for detection of 
tetracycline efflux genes of Gram-negative bacteria. Appl. Environ. Microbiol. 68, 
1786–1793. doi: 10.1128/AEM.68.4.1786 . 
minov, R.I., Mackie, R.I., 2007. Evolution and ecology of antibiotic resistance genes. 
FEMS Microbiol. Lett. 271, 147–161. doi: 10.1111/j.1574-6968.20 07.0 0757.x . 
mos, G.C.A., Zhang, L., Hawkey, P.M., Gaze, W.H., Wellington, E.M., 2014. Functional 
metagenomic analysis reveals rivers are a reservoir for diverse antibiotic resis- 
tance genes. Vet. Microbiol. 171, 4 41–4 47. doi: 10.1016/j.vetmic.2014.02.017 . 
pothéloz-Perret-Gentil, L., Cordonier, A., Straub, F., Iseli, J., Esling, P., Pawlowski, J., 
2017. Taxonomy-free molecular diatom index for high-throughput eDNA 
biomonitoring. Mol. Ecol. Resour. 17, 1231–1242. doi: 10.1111/1755-0998.12668 . 
ustralian and New Zealand Environment and Conservation Council, 20 0 0. Aus- 
tralian and New Zealand Guidelines for fresh and marine water quality. 
zam, F., Fenchel, T., Field, J.G., Gray, J.S., Meyer-Reil, L.A., Thingstad, F., 1983. The 
ecological role of water-column microbes in the sea. Mar. Ecol. Prog. Ser. 10, 
257–263. doi: 10.2307/24814647 . 














































ailet, B., Apothéloz-Perret-Gentil, L., Bari ̌cevi ́c, A., Chonova, T., Franc, A., Frige- 
rio, J.M., Kelly, M., Mora, D., Pfannkuchen, M., Proft, S., Ramon, M., Vasselon, V., 
Zimmermann, J., Kahlert, M., 2020. Diatom DNA metabarcoding for ecological 
assessment: comparison among bioinformatics pipelines used in six European 
countries reveals the need for standardization. Sci. Total Environ. 745, 140948. 
doi: 10.1016/j.scitotenv.2020.140948 . 
anerjee, S., Kirkby, C.A., Schmutter, D., Bissett, A., Kirkegaard, J.A., Richard- 
son, A.E., 2016. Network analysis reveals functional redundancy and keystone 
taxa amongst bacterial and fungal communities during organic matter decom- 
position in an arable soil. Soil Biol. Biochem. 97, 188–198. doi: 10.1016/j.soilbio. 
2016.03.017 . 
arra Caracciolo, A., Topp, E., Grenni, P., 2015. Pharmaceuticals in the environ- 
ment: biodegradation and effects on natural microbial communities. A review. 
J. Pharm. Biomed. Anal. 106, 25–36. doi: 10.1016/j.jpba.2014.11.040 . 
eale, D.J., Crosswell, J., Karpe, A.V., Ahmed, W., Williams, M., Morrison, P.D., Met- 
calfe, S., Staley, C., Sadowsky, M.J., Palombo, E.A., Steven, A.D.L., 2017. A multi- 
omics based ecological analysis of coastal marine sediments from Gladstone, 
in Australia’s Central Queensland, and Heron Island, a nearby fringing platform 
reef. Sci. Total Environ. 609, 842–853. doi: 10.1016/j.scitotenv.2017.07.184 . 
en-Dov, E., Brenner, A ., Kushmaro, A ., 2007. Quantification of sulfate-reducing 
bacteria in industrial wastewater, by real-time polymerase chain reaction 
(PCR) using dsrA and apsA genes. Microb. Ecol. 54, 439–451. doi: 10.1007/ 
s0 0248-0 07-9233-2 . 
erg, I.A., 2011. Ecological aspects of the distribution of different autotrophic CO 2 
fixation pathways. Appl. Environ. Microbiol. 77, 1925–1936. doi: 10.1128/AEM. 
02473-10 . 
erger, H., Foissner, W., 2003. Illustrated guide and ecological notes to ciliate indi- 
cator species (Protozoa, Ciliophora) in running waters, lakes, and sewage plants. 
In: Steinberg, C., Calmano, W., Klapper, H., Wilken, R.-D. (Eds.), Handbuch Ange- 
wandte Limnologie: Grundlagen - Gewässerbelastung - Restaurierung - Aquatis- 
che Ökotoxikologie - Bewertung - Gewässerschutz. Wiley-VCH Verlag GmbH 
& Co. KGaA, Weinheim, Germany, pp. 1–160. doi: 10.1002/9783527678488. 
hbal20 030 05 . 
erger, H. , Foissner, W. , Kohmann, F. , 1997. Bestimmung Und Ökologie der Mikros-
aprobien Nach DIN 38410. Gustav Fischer, Stuttgart . 
illard, E., Domaizon, I., Tissot, N., Arnaud, F., Lyautey, E., 2015. Multi-scale phylo- 
genetic heterogeneity of archaea, bacteria, methanogens and methanotrophs in 
lake sediments. Hydrobiologia 751, 159–173. doi: 10.1007/s10750- 015- 2184- 6 . 
irk, S., Chapman, D., Carvalho, L., Spears, B.M., Andersen, H.E., Argillier, C., Auer, S., 
Baattrup-Pedersen, A., Banin, L., Beklio ̆glu, M., Bondar-Kunze, E., Borja, A., 
Branco, P., Bucak, T., Buijse, A.D., Cardoso, A.C., Couture, R.M., Cremona, F., de 
Zwart, D., Feld, C.K., Ferreira, M.T., Feuchtmayr, H., Gessner, M.O., Gieswein, A., 
Globevnik, L., Graeber, D., Graf, W., Gutiérrez-Cánovas, C., Hanganu, J., I ̧s kın, U., 
Järvinen, M., Jeppesen, E., Kotamäki, N., Kuijper, M., Lemm, J.U., Lu, S., Sol- 
heim, A.L., Mischke, U., Moe, S.J., Nõges, P., Nõges, T., Ormerod, S.J., Panagopou- 
los, Y., Phillips, G., Posthuma, L., Pouso, S., Prudhomme, C., Rankinen, K., Ras- 
mussen, J.J., Richardson, J., Sagouis, A., Santos, J.M., Schäfer, R.B., Schineg- 
ger, R., Schmutz, S., Schneider, S.C., Schülting, L., Segurado, P., Stefanidis, K., 
Sures, B., Thackeray, S.J., Turunen, J., Uyarra, M.C., Venohr, M., von der Ohe, P.C., 
Willby, N., Hering, D., 2020. Impacts of multiple stressors on freshwater biota 
across spatial scales and ecosystems. Nat. Ecol. Evol. 4, 1060–1068. doi: 10.1038/ 
s41559- 020- 1216- 4 . 
ock, C., Jensen, M., Forster, D., Marks, S., Nuy, J., Psenner, R., Beisser, D., Boenigk, J.,
2020. Factors shaping community patterns of protists and bacteria on a Euro- 
pean scale. Environ. Microbiol. 22, 2243–2260. doi: 10.1111/1462-2920.14992 . 
onada, N., Prat, N., Resh, V.H., Statzner, B., 2006. Developments in aquatic insect 
biomonitoring: a comparative analysis of recent approaches. Annu. Rev. Ento- 
mol. 51, 495–523. doi: 10.1146/annurev.ento.51.110104.151124 . 
radley, I.M., Pinto, A.J., Guest, J.S., 2016. Gene-specific primers for improved charac- 
terization of mixed phototrophic communities. Appl. Environmantal Microbiol. 
82, 5878–5891. doi: 10.1128/AEM.01630-16 . 
rooks, Y.M., Spirito, C.M., Bae, J.S., Hong, A., Mosier, E.M., Sausele, D.J., Fernandez- 
Baca, C.P., Epstein, J.L., Shapley, D.J., Goodman, L.B., Anderson, R.R., Glaser, A.L., 
Richardson, R.E., 2020. Fecal indicator bacteria, fecal source tracking markers, 
and pathogens detected in two Hudson River tributaries. Water Res 171, 115342. 
doi: 10.1016/j.watres.2019.115342 . 
ustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M., Mueller, R., 
Nolan, T., Pfaffl, M.W., Shipley, G.L., Vandesompele, J., Wittwer, C.T., 2011. Primer 
sequence disclosure: a clarification of the MIQE guidelines. Clin. Chem. doi: 10. 
1373/clinchem.2011.162958 . 
abrerizo, M.J., Medina-Sánchez, J.M., Villar-Argaiz, M., Carrillo, P., 2019. Interplay 
between resistance and resilience governs the stability of a freshwater microbial 
food web under multiple stressors. Sci. Total Environ. 691, 908–918. doi: 10.1016/ 
j.scitotenv.2019.07.173 . 
anada, 1970. Canada Water Act. Revised Statutes of Canada, c.5 (1st Supp.). Queen’s 
Printer, Otawa. 
aporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Huntley, J., Fierer, N., 
Owens, S.M., Betley, J., Fraser, L., Bauer, M., Gormley, N., Gilbert, J.A., Smith, G., 
Knight, R., 2012. Ultra-high-throughput microbial community analysis on the 
Illumina HiSeq and MiSeq platforms. ISME J. 6, 1621–1624. doi: 10.1038/ismej. 
2012.8 . 
aporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Lozupone, C.A., Turn- 
baugh, P.J., Fierer, N., Knight, R., 2011. Global patterns of 16S rRNA diversity at 
a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. U. S. A. 108,
4516–4522. doi: 10.1073/pnas.10 0 0 080107 . 15 arpenter, S.R., Stanley, E.H., Vander Zanden, M.J., 2011. State of the world’s freshwa- 
ter ecosystems: physical, chemical, and biological changes. Annu. Rev. Environ. 
Resour. 36, 75–99. doi: 10.1146/annurev-environ-021810-094524 . 
aruso, G., La Ferla, R., Azzaro, M., Zoppini, A., Marino, G., Petochi, T., Corinaldesi, C.,
Leonardi, M., Zaccone, R., Fonda, S., Caroppo, C., Monticelli, L., Azzaro, F., De- 
cembrini, F., Maimone, G., Cavallo, R., Stabili, L., Todorova, N., Karamfilov, V., 
Rastelli, E., Cappello, S., Acquaviva, M.I., Narracci, M., De Angelis, R., Del Ne- 
gro, P., Latini, M., Danovaro, R., 2016. Microbial assemblages for environmen- 
tal quality assessment: knowledge, gaps and usefulness in the European ma- 
rine strategy framework directive. Crit. Rev. Microbiol. 42, 883–904. doi: 10.3109/ 
1040841X.2015.1087380 . 
aton, I.R., Caton, T.M., Schneegurt, M.A., 2018. Nitrogen-fixation activity and the 
abundance and taxonomy of nifH genes in agricultural, pristine, and urban 
prairie stream sediments chronically exposed to different levels of nitrogen 
loading. Arch. Microbiol. 200, 623–633. doi: 10.1007/s00203- 018- 1475- 5 . 
elekli, A., Külköylüo ̌glu, O., 2007. On the relationship between ecology and phyto- 
plankton composition in a karstic spring (Çepni, Bolu). Ecol. Indic. 7, 497–503. 
doi: 10.1016/j.ecolind.20 06.02.0 06 . 
elekli, A., Öztürk, B., Kapi, M., 2014. Relationship between phytoplankton compo- 
sition and environmental variables in an artificial pond. Algal. Res. 5, 37–41. 
doi: 10.1016/j.algal.2014.05.002 . 
emagref, 1982. Etude Des Méthodes Biologiques Quantitatives D’appréciation 
De La Qualité Des Eaux. Rapport Q.E. Lyon. Agence Financière de Bassin 
Rhone-Mediterrannée-Corse . 
EN, 2018a. CEN/TR 17245: water quality – Technical report for the routine sam- 
pling of benthic diatoms from rivers and lakes adapted for metabarcoding anal- 
yses. CEN/TC 230/WG 23 – Aquat. Macrophytes. Algae. 1–8 . 
EN, 2018b. CEN/TR 17244: water quality – Technical report for the management of 
diatom barcodes. CEN/TC 230/WG 23 – Aquat. Macrophytes. Algae. 1–11 . 
hakraborty, J., Das, S., 2016. Molecular perspectives and recent advances in micro- 
bial remediation of persistent organic pollutants. Environ. Sci. Pollut. Res. 23, 
16883–16903. doi: 10.1007/s11356- 016- 6887- 7 . 
handrangsu, P., Rensing, C., Helmann, J.D., 2017. Metal homeostasis and resistance 
in bacteria. Nat. Rev. Microbiol. doi: 10.1038/nrmicro.2017.15 . 
heung, M.Y., Liang, S., Lee, J., 2013. Toxin-producing cyanobacteria in freshwater: 
a review of the problems, impact on drinking water safety, and efforts for pro- 
tecting public health. J. Microbiol. doi: 10.1007/s12275- 013- 2549- 3 . 
hiu, Y.-T., Chen, Y.-H., Wang, T.-S., Yen, H.-K., Lin, T.-F., 2017. A qPCR-based tool 
to diagnose the presence of harmful cyanobacteria and cyanotoxins in drink- 
ing water sources. Int. J. Environ. Res. Public Health 14, 547. doi: 10.3390/ 
ijerph14050547 . 
hon, K., Chang, J.S., Lee, E., Lee, J., Ryu, J., Cho, J., 2011. Abundance of denitrifying
genes coding for nitrate ( narG ), nitrite ( nirS ), and nitrous oxide ( nosZ ) reduc-
tases in estuarine versus wastewater effluent-fed constructed wetlands. Ecol. 
Eng. 37, 64–69. doi: 10.1016/j.ecoleng.20 09.04.0 05 . 
honova, T., Labanowski, J., Cournoyer, B., Chardon, C., Keck, F., Laurent, É., Mon- 
damert, L., Vasselon, V., Wiest, L., Bouchez, A., 2018. River biofilm community 
changes related to pharmaceutical loads emitted by a wastewater treatment 
plant. Environ. Sci. Pollut. Res. 25, 9254–9264. doi: 10.1007/s11356- 017- 0024- 0 . 
hu, B.T.T., Petrovich, M.L., Chaudhary, A., Wright, D., Murphy, B., Wells, G., Poret- 
sky, R., 2018. Metagenomics reveals the impact of wastewater treatment plants 
on the dispersal of microorganisms and genes in aquatic sediments. Appl. Env- 
iron. Microbiol. 84, 1–15. doi: 10.1128/AEM.02168-17 . 
ole, J.J., 1982. Interactions between bacteria and algae in aquatic ecosystems. Annu. 
Rev. Ecol. Syst. 13, 291–314. doi: 10.1146/annurev.es.13.110182.001451 . 
ompte-Port, S., Fillol, M., Gich, F., Borrego, C.M., 2020. Metabolic versatility of 
freshwater sedimentary archaea feeding on different organic carbon sources. 
PLoS One 15, 1–18. doi: 10.1371/journal.pone.0231238 . 
ordier, T., Alonso-Sáez, L., Apothéloz-Perret-Gentil, L., Aylagas, E., Bohan, D.A., 
Bouchez, A., Chariton, A., Creer, S., Frühe, L., Keck, F., Keeley, N., Laroche, O., 
Leese, F., Pochon, X., Stoeck, T., Pawlowski, J., Lanzén, A., 2020. Ecosystems mon- 
itoring powered by environmental genomics: a review of current strategies with 
an implementation roadmap. Mol. Ecol. doi: 10.1111/mec.15472 , in press. 
ordier, T., Lanzén, A., Apothéloz-Perret-Gentil, L., Stoeck, T., Pawlowski, J., 2019. Em- 
bracing environmental genomics and machine learning for routine biomonitor- 
ing. Trends Microbiol. 27, 387–397. doi: 10.1016/j.tim.2018.10.012 . 
rain, C.M., Kroeker, K., Halpern, B.S., 2008. Interactive and cumulative effects of 
multiple human stressors in marine systems. Ecol. Lett. 11, 1304–1315. doi: 10. 
1111/j.1461-0248.2008.01253.x . 
roft, M.T., Lawrence, A.D., Raux-Deery, E., Warren, M.J., Smith, A.G., 2005. Algae 
acquire vitamin B12 through a symbiotic relationship with bacteria. Nature 438, 
90–93. doi: 10.1038/nature04056 . 
ealtry, S., Holmsgaard, P.N., Dunon, V., Jechalke, S., Ding, G.C., Krögerrecklenfort, E., 
Heuer, H., Hansen, L.H., Springael, D., Zühlke, S., Sørensen, S.J., Smalla, K., 2014. 
Shifts in abundance and diversity of mobile genetic elements after the introduc- 
tion of diverse pesticides into an on-farm biopurification system over the course 
of a year. Appl. Environ. Microbiol. 80, 4012–4020. doi: 10.1128/AEM.04016-13 . 
ebroas, D., Domaizon, I., Humbert, J.F., Jardillier, L., Lepére, C., Oudart, A., Taib, N., 
2017. Overview of freshwater microbial eukaryotes diversity: a first analysis of 
publicly available metabarcoding data. FEMS Microbiol. Ecol. 93, 1–14. doi: 10. 
1093/femsec/fix023 . 
elgado-Baquerizo, M., Reich, P.B., Khachane, A.N., Campbell, C.D., Thomas, N., Fre- 
itag, T.E., Abu Al-Soud, W., Sørensen, S., Bardgett, R.D., Singh, B.K., 2017. It is 
elemental: soil nutrient stoichiometry drives bacterial diversity. Environ. Micro- 
biol. 19, 1176–1188. doi: 10.1111/1462-2920.13642 . 

















































eng, C., Liu, X., Li, L., Shi, J., Guo, W., Xue, J., 2020. Temporal dynamics of antibiotic
resistant genes and their association with the bacterial community in a water- 
sediment mesocosm under selection by 14 antibiotics. Environ. Int. 137, 105554. 
doi: 10.1016/j.envint.2020.105554 . 
evane, M.L., Weaver, L., Singh, S.K., Gilpin, B.J., 2018. Fecal source tracking methods 
to elucidate critical sources of pathogens and contaminant microbial transport 
through New Zealand agricultural watersheds – A review. J. Environ. Manage. 
222, 293–303. doi: 10.1016/j.jenvman.2018.05.033 . 
ickinson, A.W., Power, A., Hansen, M.G., Brandt, K.K., Piliposian, G., Appleby, P., 
O’Neill, P.A., Jones, R.T., Sierocinski, P., Koskella, B., Vos, M., 2019. Heavy metal 
pollution and co-selection for antibiotic resistance: a microbial palaeontology 
approach. Environ. Int. 132, 105117. doi: 10.1016/j.envint.2019.105117 . 
ingle, T.C., Sedlak, R.H., Cook, L., Jerome, K.R., 2013. Tolerance of droplet-digital PCR 
vs real-time quantitative PCR to inhibitory substances. Clin. Chem. 59, 1670–
1672. doi: 10.1373/clinchem.2013.211045 . 
olman, A.M., Rücker, J., Pick, F.R., Fastner, J., Rohrlack, T., Mischke, U., Wiedner, C., 
2012. Cyanobacteria and cyanotoxins: the influence of nitrogen versus phospho- 
rus. PLoS One 7, e38757. doi: 10.1371/journal.pone.0038757 . 
os Santos, P.C., Fang, Z., Mason, S.W., Setubal, J.C., Dixon, R., 2012. Distribution of 
nitrogen fixation and nitrogenase-like sequences amongst microbial genomes. 
BMC Genom. 13, 1–12. doi: 10.1186/1471-2164-13-162 . 
rury, B., Rosi-Marshall, E., Kelly, J.J., 2013. Wastewater treatment effluent re- 
duces the abundance and diversity of benthic bacterial communities in urban 
and suburban rivers. Appl. Environ. Microbiol. 79, 1897–1905. doi: 10.1128/AEM. 
03527-12 . 
C, 2015. Directive (EU) 2015/1787, October 6th. Policy water quality directive. Off. 
J. Eur. Union L 220/6, 6 p . 
C, 2006. Directive 2006/7/EC of the European Parliament and of the Council of 15 
February 2006 concerning the management of bathing water quality and re- 
pealing Directive 76/160/EEC. Off. J. Eur. Union L 64, 37–51 . 
C, 1998. Directive 98/83/EC of the Council, November 3rd. Off. J. Eur. Union L 330
32 p . 
C, 1995. Council Decision 95/308/EC of 24 July 1995 on the conclusion, on behalf of
the Community, of the Convention on the protection and use of transboundary 
watercourses and international lakes. Off. J. Eur. Union L 186, 42–58 . 
iler, A., Drakare, S., Bertilsson, S., Pernthaler, J., Peura, S., Rofner, C., Simek, K., 
Yang, Y., Znachor, P., Lindström, E.S., 2013. Unveiling distribution patterns of 
freshwater phytoplankton by a next generation sequencing based approach. 
PLoS One 8, 1–10. doi: 10.1371/journal.pone.0053516 . 
PA, 2016. No Title [WWW Document]. United States Environ. Prot. Agency. URL 
https://www.epa.gov/laws-regulations 
alk, N., Reid, T., Skoyles, A., Grgicak-Mannion, A., Drouillard, K., Weisener, C.G., 
2019. Microbial metatranscriptomic investigations across contaminant gradients 
of the Detroit River. Sci. Total Environ. 690, 121–131. doi: 10.1016/j.scitotenv. 
2019.06.451 . 
an, Y.Y., Li, B.B., Yang, Z.C., Cheng, Y.Y., Liu, D.F., Yu, H.Q., 2019. Mediation of func-
tional gene and bacterial community profiles in the sediments of eutrophic 
Chaohu Lake by total nitrogen and season. Environ. Pollut. 250, 233–240. doi: 10. 
1016/j.envpol.2019.04.028 . 
eio, M.J., Serra, S.R.Q., Mortágua, A., Bouchez, A., Rimet, F., Vasselon, V., 
Almeida, S.F.P., 2020. A taxonomy-free approach based on machine learning 
to assess the quality of rivers with diatoms. Sci. Total Environ. 722, 137900. 
doi: 10.1016/j.scitotenv.2020.137900 . 
erreira, J.G., Andersen, J.H., Borja, A., Bricker, S.B., Camp, J., Cardoso da Silva, M., 
Garcés, E., Heiskanen, A.S., Humborg, C., Ignatiades, L., Lancelot, C., Menes- 
guen, A., Tett, P., Hoepffner, N., Claussen, U., 2011. Overview of eutrophication 
indicators to assess environmental status within the European Marine Strat- 
egy Framework Directive. Estuar. Coast. Shelf Sci. 93, 117–131. doi: 10.1016/j.ecss. 
2011.03.014 . 
oissner, W., 2016. Protists as bioindicators in activated sludge: identification, ecol- 
ogy and future needs. Eur. J. Protistol. 55, 75–94. doi: 10.1016/j.ejop.2016.02.004 . 
oissner, W., Berger, H., 1996. A user-friendly guide to the ciliates (Protozoa, Cil- 
iophora) commonly used by hydrobiologists as bioindicators in rivers, lakes, 
and waste waters, with notes on their ecology. Freshw. Biol. 35, 375–482. 
doi: 10.1111/j.1365-2427.1996.tb01775.x . 
olt, C.L., Chen, C.Y., Moore, M.V., Burnaford, J., 1999. Synergism and antagonism 
among multiple stressors. Limnol. Oceanogr. 44, 864–877. doi: 10.4319/lo.1999. 
44.3 _ part _ 2.0864 . 
orster, D., Filker, S., Kochems, R., Breiner, H.W., Cordier, T., Pawlowski, J., Stoeck, T., 
2019. A Comparison of different ciliate metabarcode genes as bioindicators for 
environmental impact assessments of salmon aquaculture. J. Eukaryot. Micro- 
biol. 66, 294–308. doi: 10.1111/jeu.12670 . 
oti, M., Sorokin, D.Y., Lomans, B., Mussman, M., Zacharova, E.E., Pimenov, N.V., 
Kuenen, J.G., Muyzer, G., 2007. Diversity, activity, and abundance of sulfate- 
reducing bacteria in saline and hypersaline soda lakes. Appl. Environ. Microbiol. 
73, 2093–2100. doi: 10.1128/AEM.02622-06 . 
aby, J.C., Rishishwar, L., Valderrama-Aguirre, L.C., Green, S.J., Valderrama- 
Aguirre, A., Jordan, I.K., Kostka, J.E., 2018. Diazotroph community characteriza- 
tion via a highthroughput nifH amplicon sequencing and analysis pipeline. Appl. 
Environ. Microbiol. 84, 1–17. doi: 10.1128/AEM.01512-17 . 
aget, V., Lau, M., Sendall, B., Froscio, S., Humpage, A.R., 2017. Cyanotoxins: which 
detection technique for an optimum risk assessment? Water Res. 118, 227–238. 
doi: 10.1016/j.watres.2017.04.025 . 
arcia, S.L., Stevens, S.L.R., Crary, B., Martinez-Garcia, M., Stepanauskas, R., 
Woyke, T., Tringe, S.G., Andersson, S.G.E., Bertilsson, S., Malmstrom, R.R., McMa- 
hon, K.D., 2018. Contrasting patterns of genome-level diversity across dis- 16 tinct co-occurring bacterial populations. ISME J. 12, 742–755. doi: 10.1038/ 
s41396- 017- 0 0 01-0 . 
arrido, L., Sánchez, O., Ferrera, I., Tomàs, N., Mas, J., 2014. Dynamics of microbial 
diversity profiles in waters of different qualities. Approximation to an ecological 
quality indicator. Sci. Total Environ. 468-469, 1154–1161. doi: 10.1016/j.scitotenv. 
2013.08.065 . 
authier, P.T., Norwood, W.P., Prepas, E.E., Pyle, G.G., 2014. Metal-PAH mixtures in 
the aquatic environment: A review of co-toxic mechanisms leading to more- 
than-additive outcomes. Aquat. Toxicol. 154, 253–269. doi: 10.1016/j.aquatox. 
2014.05.026 . 
ensberger, E.T., Polt, M., Konrad-Köszler, M., Kinner, P., Sessitsch, A., Kosti ́c, T., 2014. 
Evaluation of quantitative PCR combined with PMA treatment for molecular 
assessment of microbial water quality. Water Res. 67, 367–376. doi: 10.1016/j. 
watres.2014.09.022 . 
illan, D.C., Roosa, S., Kunath, B., Billon, G., Wattiez, R., 2015. The long-term adap- 
tation of bacterial communities in metal-contaminated sediments: a metapro- 
teogenomic study. Environ. Microbiol. 17, 1991–2005. doi: 10.1111/1462-2920. 
12627 . 
illings, M.R., 2014. Integrons: past, Present, and Future. Microbiol. Mol. Biol. Rev. 
78, 257–277. doi: 10.1128/mmbr.0 0 056-13 . 
illings, M.R., Gaze, W.H., Pruden, A., Smalla, K., Tiedje, J.M., Zhu, Y.G., 2015. Using 
the class 1 integron-integrase gene as a proxy for anthropogenic pollution. ISME 
J. 9, 1269–1279. doi: 10.1038/ismej.2014.226 . 
iner-Lamia, J., López-Maury, L., Florencio, F.J., 2014. Global transcriptional profiles 
of the copper responses in the cyanobacterium synechocystis sp. PCC 6803. 
PLoS One 9, e108912. doi: 10.1371/journal.pone.0108912 . 
ökçe, D., 2016. Algae as an indicator of water quality. In: Thajuddin, N., Dharu- 
madurai, D. (Eds.), Algae - Organisms for Imminent Biotechnology. InTech, Ri- 
jeka, Croatia, pp. 81–101. doi: 10.5772/62916 . 
renni, P., Patrolecco, L., Ademollo, N., Di Lenola, M., Barra Caracciolo, A., 2014. Ca- 
pability of the natural microbial community in a river water ecosystem to de- 
grade the drug naproxen. Environ. Sci. Pollut. Res. 21, 13470–13479. doi: 10.1007/ 
s11356- 014- 3276- y . 
rill, G., Lehner, B., Thieme, M., Geenen, B., Tickner, D., Antonelli, F., Babu, S., 
Borrelli, P., Cheng, L., Crochetiere, H., Ehalt Macedo, H., Filgueiras, R., Goi- 
chot, M., Higgins, J., Hogan, Z., Lip, B., McClain, M.E., Meng, J., Mulligan, M., 
Nilsson, C., Olden, J.D., Opperman, J.J., Petry, P., Reidy Liermann, C., Sáenz, L., 
Salinas-Rodríguez, S., Schelle, P., Schmitt, R.J.P., Snider, J., Tan, F., Tockner, K., Val- 
dujo, P.H., van Soesbergen, A., Zarfl, C., 2019. Mapping the world’s free-flowing 
rivers. Nature 569, 215–221. doi: 10.1038/s41586- 019- 1111-9 . 
rossart, H.P., Jezbera, J., Hor ̌nák, K., Hutalle, K.M.L., Buck, U., Šimek, K., 2008. Top-
down and bottom-up induced shifts in bacterial abundance, production and 
community composition in an experimentally divided humic lake. Environ. Mi- 
crobiol. 10, 635–652. doi: 10.1111/j.1462-2920.2007.01487.x . 
rossmann, L., Beisser, D., Bock, C., Chatzinotas, A., Jensen, M., Preisfeld, A., Psen- 
ner, R., Rahmann, S., Wodniok, S., Boenigk, J., 2016. Trade-off between taxon 
diversity and functional diversity in European lake ecosystems. Mol. Ecol. 25, 
5876–5888. doi: 10.1111/mec.13878 . 
ruber, N., Galloway, J.N., 2008. An Earth-system perspective of the global nitrogen 
cycle. Nature 451, 293–296. doi: 10.1038/nature06592 . 
ruj ̌ci ́c, V., Nuy, J.K., Salcher, M.M., Shabarova, T., Kasalicky, V., Boenigk, J., 
Jensen, M., Simek, K., 2018. Cryptophyta as major bacterivores in freshwater 
summer plankton. ISME J. 12, 1668–1681. doi: 10.1038/s41396- 018- 0057- 5 . 
uedes, I.A., da Costa Leite, D.M., Manhães, L.A., Bisch, P.M., Azevedo, S.M.F.O., 
Pacheco, A.B.F., 2014. Fluctuations in microcystin concentrations, potentially 
toxic Microcystis and genotype diversity in a cyanobacterial community from 
a tropical reservoir. Harmful Algae 39, 303–309. doi: 10.1016/j.hal.2014.09.001 . 
uo, Q., Li, N., Chen, S., Chen, Y., Xie, S., 2019. Response of freshwater sediment
archaeal community to metal spill. Chemosphere 217, 584–590. doi: 10.1016/j. 
chemosphere.2018.11.054 . 
aase, P., Tonkin, J.D., Stoll, S., Burkhard, B., Frenzel, M., Geijzendorffer, I.R., 
Häuser, C., Klotz, S., Kühn, I., McDowell, W.H., Mirtl, M., Müller, F., Musche, M., 
Penner, J., Zacharias, S., Schmeller, D.S., 2018. The next generation of site-based 
long-term ecological monitoring: linking essential biodiversity variables and 
ecosystem integrity. Sci. Total Environ. 613–614. doi: 10.1016/j.scitotenv.2017.08. 
111 , 1376–1384. 
argreaves, S.K., Roberto, A .A ., Hofmockel, K.S., 2013. Reaction- and sample-specific 
inhibition affect standardization of qPCR assays of soil bacterial communities. 
Soil Biol. Biochem. 59, 89–97. doi: 10.1016/j.soilbio.2013.01.007 . 
atam, I., Petticrew, E.L., French, T.D., Owens, P.N., Laval, B., Baldwin, S.A., 2019. 
The bacterial community of Quesnel Lake sediments impacted by a catastrophic 
mine tailings spill differ in composition from those at undisturbed locations –
two years post-spill. Sci. Rep. 9, 1–11. doi: 10.1038/s41598- 019- 38909- 9 . 
att, B.E., Fletcher, T.D., Walsh, C.J., Taylor, S.L., 2004. The influence of urban den- 
sity and drainage infrastructure on the concentrations and loads of pollutants in 
small streams. Environ. Manage. 34, 112–124. doi: 10.10 07/s0 0267-0 04-0221-8 . 
enson, M.W., Hanssen, J., Spooner, G., Fleming, P., Pukonen, M., Stahr, F., 
Thrash, J.C., 2018. Nutrient dynamics and stream order influence microbial com- 
munity patterns along a 2914 kilometer transect of the Mississippi River. Lim- 
nol. Oceanogr. 63, 1837–1855. doi: 10.1002/lno.10811 . 
erren, C.M., McMahon, K.D., 2018. Keystone taxa predict compositional change 
in microbial communities. Environ. Microbiol. 20, 2207–2217. doi: 10.1111/ 
1462-2920.14257 . 
ladilek, M.D., Gaines, K.F., Novak, J.M., Collard, D.A., Johnson, D.B., Canam, T., 2016. 
Microbial community structure of a freshwater system receiving wastewater ef- 
fluent. Environ. Monit. Assess. 188. doi: 10.1007/s10661- 016- 5630- 7 . 



















































L  or ̌nák, K., Kasalický, V., Šimek, K., Grossart, H.-P., 2017. Strain-specific consumption 
and transformation of alga-derived dissolved organic matter by members of the 
Limnohabitans -C and Polynucleobacter -B clusters of Betaproteobacteria . Environ. 
Microbiol. 19, 4519–4535. doi: 10.1111/1462-2920.13900 . 
orton, D.J., Theis, K.R., Uzarski, D.G., Learman, D.R., 2019. Microbial commu- 
nity structure and microbial networks correspond to nutrient gradients within 
coastal wetlands of the Laurentian Great Lakes. FEMS Microbiol. Ecol. 95, 1–17. 
doi: 10.1093/femsec/fiz033 . 
öss, S., Claus, E., Von der Ohe, P.C., Brinke, M., Güde, H., Heininger, P., Traun-
spurger, W., 2011. Nematode species at risk - A metric to assess pollution in soft
sediments of freshwaters. Environ. Int. 37, 940–949. doi: 10.1016/j.envint.2011.03. 
013 . 
uang, W., Chen, X., Jiang, X., Zheng, B., 2017. Characterization of sediment bacterial 
communities in plain lakes with different trophic statuses. Microbiology Open 
6, e00503. doi: 10.1002/mbo3.503 . 
uang, W., Chen, X., Wang, K., Chen, J., Zheng, B., Jiang, X., 2019. Comparison among
the microbial communities in the lake, lake wetland, and estuary sediments of 
a plain river network. Microbiology Open 8, 1–13. doi: 10.1002/mbo3.644 . 
uggett, J.F., Foy, C.A., Benes, V., Emslie, K., Garson, J.A., Haynes, R., Hellemans, J., 
Kubista, M., Mueller, R.D., Nolan, T., Pfaffl, M.W., Shipley, G.L., Vandesompele, J., 
Wittwer, C.T., Bustin, S.A., 2013. The digital MIQE guidelines: minimum infor- 
mation for publication of quantitative digital PCR experiments. Clin. Chem. 59, 
892–902. doi: 10.1373/clinchem.2013.206375 . 
bekwe, A.M., Ma, J., Murinda, S.E., 2016. Bacterial community composition and 
structure in an urban river impacted by different pollutant sources. Sci. Total 
Environ. 566–567. doi: 10.1016/j.scitotenv.2016.05.168 , 1176–1185. 
belings, B.W., Backer, L.C., Kardinaal, W.E.A., Chorus, I., 2014. Current approaches 
to cyanotoxin risk assessment and risk management around the globe. Harmful 
Algae 40, 63–74. doi: 10.1016/j.hal.2014.10.002 . 
ndia, 2012. Indian water policy [WWW Document]. URL http://mowr.gov.in/ 
policies- guideline/policies/national- water- policy 
ackson, M.C., Loewen, C.J.G., Vinebrooke, R.D., Chimimba, C.T., 2016. Net effects of 
multiple stressors in freshwater ecosystems: a meta-analysis. Glob. Chang. Biol. 
22, 180–189. doi: 10.1111/gcb.13028 . 
acquiod, S., Cyriaque, V., Riber, L., Al-soud, W.A., Gillan, D.C., Wattiez, R., 
Sørensen, S.J., 2018. Long-term industrial metal contamination unexpectedly 
shaped diversity and activity response of sediment microbiome. J. Hazard. 
Mater. 344, 299–307. doi: 10.1016/j.jhazmat.2017.09.046 . 
anssen, A.B.G., Teurlincx, S., Beusen, A.H.W., Huijbregts, M.A.J., Rost, J., Schip- 
per, A.M., Seelen, L.M.S., Mooij, W.M., Janse, J.H., 2019. PCLake + : a process-based
ecological model to assess the trophic state of stratified and non-stratified 
freshwater lakes worldwide. Ecol. Modell. 396, 23–32. doi: 10.1016/j.ecolmodel. 
2019.01.006 . 
eunen, G.J., Knapp, M., Spencer, H.G., Taylor, H.R., Lamare, M.D., Stat, M., Bunce, M., 
Gemmell, N.J., 2019. Species-level biodiversity assessment using marine envi- 
ronmental DNA metabarcoding requires protocol optimization and standardiza- 
tion. Ecol. Evol. 9, 1323–1335. doi: 10.1002/ece3.4843 . 
i, B., Liang, J., Ma, Y., Zhu, L., Liu, Y., 2019. Bacterial community and eutrophic index
analysis of the East Lake. Environ. Pollut. 252, 6 82–6 88. doi: 10.1016/j.envpol. 
2019.05.138 . 
iang, Y., Xiao, P., Liu, Y., Wang, J., Li, R., 2017. Targeted deep sequencing reveals high
diversity and variable dominance of bloom-forming cyanobacteria in eutrophic 
lakes. Harmful Algae 64, 42–50. doi: 10.1016/j.hal.2017.03.006 . 
ousset, A., Bienhold, C., Chatzinotas, A., Gallien, L., Gobet, A., Kurm, V., Küsel, K.,
Rillig, M.C., Rivett, D.W., Salles, J.F., Van Der Heijden, M.G.A., Youssef, N.H., 
Zhang, X., Wei, Z., Hol, G.W.H., 2017. Where less may be more: how the rare
biosphere pulls ecosystems strings. ISME J. 11, 853–862. doi: 10.1038/ismej.2016. 
174 . 
ageyama, H., Tripathi, K., Rai, A.K., Cha-Um, S., Waditee-Sirisattha, R., Tak- 
abe, T., 2011. An alkaline phosphatase/phosphodiesterase, PhoD, induced by salt 
stress and secreted out of the cells of Aphanothece halophytica , a halotoler- 
ant cyanobacterium. Appl. Environ. Microbiol. 77, 5178–5183. doi: 10.1128/AEM. 
00667-11 . 
ahlert, M., Kelly, M., Albert, R.L., Almeida, S.F.P., Bešta, T., Blanco, S., Coste, M., 
Denys, L., Ector, L., Fránková, M., Hlúbiková, D., Ivanov, P., Kennedy, B., Mar- 
van, P., Mertens, A., Miettinen, J., Picinska-Fałtynowicz, J., Rosebery, J., Tornés, E., 
Vilbaste, S., Vogel, A., 2012. Identification versus counting protocols as sources 
of uncertainty in diatom-based ecological status assessments. Hydrobiologia 
695, 109–124. doi: 10.1007/s10750- 012- 1115-z . 
ahru, M., Elmgren, R., 2014. Multidecadal time series of satellite-detected accu- 
mulations of cyanobacteria in the Baltic Sea. Biogeosciences 11, 3619–3633. 
doi: 10.5194/bg- 11- 3619- 2014 . 
eck, F., Vasselon, V., Tapolczai, K., Rimet, F., Bouchez, A., 2017. Freshwater biomoni- 
toring in the information age. Front. Ecol. Environ. 15, 266–274. doi: 10.1002/fee. 
1490 . 
elly, M., Bennett, C., Coste, M., Delgado, C., Delmas, F., Denys, L., Ector, L., 
Fauville, C., Ferréol, M., Golub, M., Jarlman, A., Kahlert, M., Lucey, J., Ní
Chatháin, B., Pardo, I., Pfister, P., Picinska-Faltynowicz, J., Rosebery, J., Schranz, C., 
Schaumburg, J., Van Dam, H., Vilbaste, S., 2009. A comparison of national ap- 
proaches to setting ecological status boundaries in phytobenthos assessment for 
the European Water Framework Directive: results of an intercalibration exercise. 
Hydrobiologia 621, 169–182. doi: 10.1007/s10750- 008- 9641- 4 . 
elly, M. , Boonham, N. , Juggins, S. , Kille, P. , Mann, D. , Pass, D. , Sapp, M. , Sato, S. ,
Glover, R. , 2018. A DNA Based Diatom Metabarcoding Approach For Water 
Framework Directive classification of Rivers. Environment Agency, Bristol . 17 elly, M.G., Whitton, B.A., 1995. The Trophic Diatom Index: a new index for 
monitoring eutrophication in rivers. J. Appl. Phycol. 7, 433–4 4 4. doi: 10.1007/ 
BF0 0 0 03802 . 
ermarrec, L., Franc, A., Rimet, F., Chaumeil, P., Frigerio, J.M., Humbert, J.F., 
Bouchez, A., 2014. A next-generation sequencing approach to river biomonitor- 
ing using benthic diatoms. Freshw. Sci. 33, 349–363. doi: 10.1086/675079 . 
errigan, J.F., Sandberg, K.D., Engstrom, D.R., LaPara, T.M., Arnold, W.A., 2018. Small 
and large-scale distribution of four classes of antibiotics in sediment: associa- 
tion with metals and antibiotic resistance genes. Environ. Sci. Process. Impacts 
20, 1167–1179. doi: 10.1039/c8em00190a . 
iersztyn, B., Chróst, R., Kali ́nski, T., Siuda, W., Bukowska, A., Kowalczyk, G., 
Grabowska, K., 2019. Structural and functional microbial diversity along a eu- 
trophication gradient of interconnected lakes undergoing anthropopressure. Sci. 
Rep. 9, 11144. doi: 10.1038/s41598- 019- 47577- 8 . 
im, H., Ogram, A., Bae, H.S., 2017. Nitrification, anammox and denitrification along 
a nutrient gradient in the Florida Everglades. Wetlands 37, 391–399. doi: 10. 
1007/s13157- 016- 0857- 1 . 
nief, C., 2015. Diversity and habitat preferences of cultivated and uncultivated aer- 
obic methanotrophic bacteria evaluated based on pmoA as molecular marker. 
Front. Microbiol. doi: 10.3389/fmicb.2015.01346 . 
ofoed, M.V.W., Stief, P., Hauzmayer, S., Schramm, A., Herrmann, M., 2012. Higher 
nitrate-reducer diversity in macrophyte-colonized compared to unvegetated 
freshwater sediment. Syst. Appl. Microbiol. 35, 465–472. doi: 10.1016/j.syapm. 
2012.08.005 . 
orajkic, A., Parfrey, L.W., McMinn, B.R., Baeza, Y.V., VanTeuren, W., Knight, R., 
Shanks, O.C., 2015. Changes in bacterial and eukaryotic communities during 
sewage decomposition in Mississippi river water. Water Res. 69, 30–39. doi: 10. 
1016/j.watres.2014.11.003 . 
ramer, B.J., Davis, T.W., Meyer, K.A., Rosen, B.H., Goleski, J.A., Dick, G.J., Oh, G., 
Gobler, C.J., 2018. Nitrogen limitation, toxin synthesis potential, and toxicity of 
cyanobacterial populations in Lake Okeechobee and the St. Lucie River Estu- 
ary, Florida, during the 2016 state of emergency event. PLoS One 13, e0196278. 
doi: 10.1371/journal.pone.0196278 . 
urmayer, R., Sivonen, K., Wilmotte, A., Salmaso, N., 2017. Molecular Tools For the 
Detection and Quantification of Toxigenic Cyanobacteria. John Wiley & Sons, Ltd 
doi: 10.1002/9781119332169 . 
au, K.E.M., Washington, V.J., Fan, V., Neale, M.W., Lear, G., Curran, J., Lewis, G.D., 
2015. A novel bacterial community index to assess stream ecological health. 
Freshw. Biol. 60, 1988–2002. doi: 10.1111/fwb.12625 . 
ee, E., Khurana, M.S., Whiteley, A.S., Monis, P.T., Bath, A., Gordon, C., Ryan, U.M., 
Paparini, A., 2017. Novel primer sets for next generation sequencing-based anal- 
yses of water quality. PLoS One 12, e0170 0 08. doi: 10.1371/journal.pone.0170 0 08 .
ee, T.A., Rollwagen-Bollens, G., Bollens, S.M., Faber-Hammond, J.J., 2015. Environ- 
mental influence on cyanobacteria abundance and microcystin toxin production 
in a shallow temperate lake. Ecotoxicol. Environ. Saf. 114, 318–325. doi: 10.1016/ 
j.ecoenv.2014.05.004 . 
emaire, G.G., McKnight, U.S., Schulz, H., Roost, S., Bjerg, P.L., 2020. Evidence of 
spatio-temporal variations in contaminants discharging to a peri-urban stream. 
Groundw. Monit. Remediat. 40, 40–51. doi: 10.1111/gwmr.12371 . 
eray, M., Knowlton, N., 2016. Censusing marine eukaryotic diversity in the twenty- 
first century. Philos. Trans. R. Soc. B Biol. Sci. 371, 20150331. doi: 10.1098/rstb. 
2015.0331 . 
evine, U.Y., Teal, T.K., Robertson, G.P., Schmidt, T.M., 2011. Agriculture’s impact on 
microbial diversity and associated fluxes of carbon dioxide and methane. ISME 
J. 5, 1683–1691. doi: 10.1038/ismej.2011.40 . 
ey, R.E., Lozupone, C.A., Hamady, M., Knight, R., Gordon, J.I., 2008. Worlds within 
worlds: evolution of the vertebrate gut microbiota. Nat. Rev. Microbiol. 6, 776–
788. doi: 10.1038/nrmicro1978 . 
i, D., Gu, A.Z., He, M., 2014a. Quantification and genetic diversity of total and 
microcystin-producing Microcystis during blooming season in Tai and Yang- 
cheng lakes. China. J. Appl. Microbiol. 116, 1482–1494. doi: 10.1111/jam.12456 . 
i, J., Parkefelt, L., Persson, K.M., Pekar, H., 2017. Improving cyanobacteria and cyan- 
otoxin monitoring in surface waters for drinking water supply. J. Water Secur. 
3, jws2017005. doi: 10.15544/jws.2017.005 . 
i, X., Lan, S.M., Zhu, Z.P., Zhang, C., Zeng, G.M., Liu, Y.G., Cao, W.C., Song, B., Yang, H.,
Wang, S.F., Wu, S.H., 2018. The bioenergetics mechanisms and applications of 
sulfate-reducing bacteria in remediation of pollutants in drainage: a review. 
Ecotoxicol. Environ. Saf. 158, 162–170. doi: 10.1016/j.ecoenv.2018.04.025 . 
i, X., Song, C., Zhou, Z., Xiao, J., Wang, S., Yang, L., Cao, X., Zhou, Y., 2020. Compari-
son of community and function of dissimilatory nitrate reduction to ammonium 
(DNRA) bacteria in Chinese Shallow Lakes with different eutrophication degrees. 
Water 12, 1–15. doi: 10.3390/w12010174 . 
i, Y., Kong, F., Zhang, M., Yang, Z., Shi, X., Du, M., Yu, L., Kong, F., Zhang, M., Yang, Z.,
Shi, X., Du, M., 2014b. The dynamics of Microcystis genotypes and microcystin 
production and associations with environmental factors during blooms in Lake 
Chaohu. China. Toxins 6, 3238–3257. doi: 10.3390/toxins6123238 . 
iao, H., Yu, K., Duan, Y., Ning, Z., Li, B., He, L., Liu, C., 2019. Profiling microbial
communities in a watershed undergoing intensive anthropogenic activities. Sci. 
Total Environ. 647, 1137–1147. doi: 10.1016/j.scitotenv.2018.08.103 . 
ibbrecht, M.W., Noble, W.S., 2015. Machine learning applications in genetics and 
genomics. Nat. Rev. Genet. doi: 10.1038/nrg3920 . 
iu, W., Yao, L., Jiang, X., Guo, L., Cheng, X., Liu, G., 2018. Sediment denitrification in
Yangtze lakes is mainly influenced by environmental conditions but not biologi- 
cal communities. Sci. Total Environ. 616–617. doi: 10.1016/j.scitotenv.2017.10.221 , 
978–987. 

















































iu, Y., Qu, X., Elser, J.J., Peng, W., Zhang, M., Ren, Z., Zhang, H., Zhang, Y., Yang, H.,
2019. Impact of nutrient and stoichiometry gradients on microbial assemblages 
in Erhai Lake and its input streams. Water 11, 1711. doi: 10.3390/w11081711 . 
ouca, S., Polz, M.F., Mazel, F., Albright, M.B.N., Huber, J.A., O’Connor, M.I., Acker- 
mann, M., Hahn, A.S., Srivastava, D.S., Crowe, S.A., Doebeli, M., Parfrey, L.W., 
2018. Function and functional redundancy in microbial systems. Nat. Ecol. Evol. 
2, 936–943. doi: 10.1038/s41559- 018- 0519- 1 . 
ovley, D.R. , Dwyer, D.F. , Klug, M.J. , 1982. Kinetic analysis of competition between
sulfate reducers and methanogens for hydrogen in sediments. Appl. Environ. 
Microbiol. 43, 1373–1379 . 
oza, V., Perona, E., Carmona, J., Mateo, P., 2013a. Phenotypic and genotypic char- 
acteristics of Phormidium-like cyanobacteria inhabiting microbial mats are cor- 
related with the trophic status of running waters. Eur. J. Phycol. 48, 235–252. 
doi: 10.1080/09670262.2013.799715 . 
oza, V., Perona, E., Mateo, P., 2013b. Molecular fingerprinting of cyanobacteria from 
river biofilms as a water quality monitoring tool. Appl. Environ. Microbiol. 79, 
1459–1472. doi: 10.1128/AEM.03351-12 . 
u, X.M., Lu, P.Z., 2014. Characterization of bacterial communities in sediments re- 
ceiving various wastewater effluents with high-throughput sequencing analysis. 
Microb. Ecol. 67, 612–623. doi: 10.10 07/s0 0248- 014- 0370- 0 . 
üders, T., 2001. Molekularbiologische Untersuchung der Diversität und Funktion 
methanogener Mikroorganismen im Reisfeldboden. Dr. Thesis. 
ynn, D. , 2008. The Ciliated Protozoa: Characterization, Classification and Guide to 
the Literature, 3rd editio. ed. Springer, Dordrecht . 
adoni, P., 2011. Protozoa in wastewater treatment processes: a minireview. Ital. J. 
Zool. 78, 3–11. doi: 10.1080/11250 0 0 0903373797 . 
ansfeldt, C., Deiner, K., Mächler, E., Fenner, K., Eggen, R.I.L., Stamm, C., Schö- 
nenberger, U., Walser, J.C., Altermatt, F., 2020. Microbial community shifts in 
streams receiving treated wastewater effluent. Sci. Total Environ. 709, 135727. 
doi: 10.1016/j.scitotenv.2019.135727 . 
arotz, C., Amir, A., Humphrey, G., Gaffney, J., Gogul, G., Knight, R., 2017. DNA
extraction for streamlined metagenomics of diverse environmental samples. 
Biotechniques 62, 290–293. doi: 10.2144/0 0 0114559 . 
assana, R., Unrein, F., Rodríguez-Martínez, R., Forn, I., Lefort, T., Pinhassi, J., Not, F., 
2009. Grazing rates and functional diversity of uncultured heterotrophic flagel- 
lates. ISME J. 3, 588–595. doi: 10.1038/ismej.2008.130 . 
cKee, B.A., Molina, M., Cyterski, M., Couch, A., 2020. Microbial source tracking 
(MST) in Chattahoochee River National Recreation Area: seasonal and precipi- 
tation trends in MST marker concentrations, and associations with E. coli levels, 
pathogenic marker presence, and land use. Water Res. 171, 115435. doi: 10.1016/ 
j.watres.2019.115435 . 
en, Y., Achermann, S., Helbling, D.E., Johnson, D.R., Fenner, K., 2017. Relative con- 
tribution of ammonia oxidizing bacteria and other members of nitrifying acti- 
vated sludge communities to micropollutant biotransformation. Water Res. 109, 
217–226. doi: 10.1016/j.watres.2016.11.048 . 
eziti, A., Tsementzi, D., Ar. Kormas, K., Karayanni, H., Konstantinidis, K.T., 2016. An- 
thropogenic effects on bacterial diversity and function along a river-to-estuary 
gradient in Northwest Greece revealed by metagenomics. Environ. Microbiol. 18, 
4640–4652. doi: 10.1111/1462-2920.13303 . 
eziti, A., Tsementzi, D., Rodriguez-R, L.M., Hatt, J.K., Karayanni, H., Kormas, K.A., 
Konstantinidis, K.T., 2019. Quantifying the changes in genetic diversity within 
sequence-discrete bacterial populations across a spatial and temporal riverine 
gradient. ISME J. 13, 767–779. doi: 10.1038/s41396- 018- 0307- 6 . 
inich, J.J., Zhu, Q., Janssen, S., Hendrickson, R., Amir, A., Vetter, R., Hyde, J.,
Doty, M.M., Stillwell, K., Benardini, J., Kim, J.H., Allen, E.E., Venkateswaran, K., 
Knight, R., 2018. KatharoSeq Enables High-Throughput Microbiome Analysis 
from Low-Biomass Samples. mSystems 3. doi: 10.1128/msystems.00218-17 . 
irtl, M., T. Borer, E., Djukic, I., Forsius, M., Haubold, H., Hugo, W., Jourdan, J.,
Lindenmayer, D., McDowell, W.H., Muraoka, H., Orenstein, D.E., Pauw, J.C., Pe- 
terseil, J., Shibata, H., Wohner, C., Yu, X., Haase, P., 2018. Genesis, goals and 
achievements of Long-Term Ecological Research at the global scale: a criti- 
cal review of ILTER and future directions. Sci. Total Environ. 626, 1439–1462. 
doi: 10.1016/j.scitotenv.2017.12.001 . 
ischke, U., Venohr, M., Behrendt, H., 2011. Using phytoplankton to assess the 
trophic status of German rivers. Int. Rev. Hydrobiol. 96, 578–598. doi: 10.1002/ 
iroh.201111304 . 
oore, K. , Broughton, J. , Kudela, R.M. , Moore, K. , Broughton, J. , Kudela, R.M. , 2013.
Remote sensing of Akashiwo sanguinea in the vertical column. In: AGU Fall 
Meeting, p. 1742 . 
ortágua, A., Vasselon, V., Oliveira, R., Elias, C., Chardon, C., Bouchez, A., Rimet, F., 
João Feio, M., F.P., Almeida, S., 2019. Applicability of DNA metabarcoding ap- 
proach in the bioassessment of Portuguese rivers using diatoms. Ecol. Indic. 106, 
105470. doi: 10.1016/j.ecolind.2019.105470 . 
uñoz-Martín, M.Á., Martínez-Rosell, A., Perona, E., Fernández-Piñas, F., Mateo, P., 
2014. Monitoring bioavailable phosphorus in lotic systems: a polyphasic ap- 
proach based on cyanobacteria. Sci. Total Environ. 475, 158–168. doi: 10.1016/ 
j.scitotenv.2013.06.076 . 
emergut, D.R., Martin, A.P., Schmidt, S.K., 2004. Integron diversity in heavy-metal- 
contaminated mine tailings and inferences about integron evolution. Appl. Env- 
iron. Microbiol. 70, 1160–1168. doi: 10.1128/AEM.70.2.1160-1168.2004 . 
euenschwander, S.M., Ghai, R., Pernthaler, J., Salcher, M.M., 2018. Microdiversifi- 
cation in genome-streamlined ubiquitous freshwater Actinobacteria. ISME J. 12, 
185–198. doi: 10.1038/ismej.2017.156 . 
ewell, S.E., McCarthy, M.J., Gardner, W.S., Fulweiler, R.W., 2016. Sediment nitrogen 
fixation: a call for re-evaluating coastal N budgets. Estuar. Coasts 39, 1626–1638. 
doi: 10.1007/s12237- 016- 0116- y . 18 ewton, R.J., Jones, S.E., Eiler, A., McMahon, K.D., Bertilsson, S., 2011. A Guide to 
the Natural History of Freshwater Lake Bacteria, Microbiology and Molecular 
Biology Reviews, 75, pp. 14–49. doi: 10.1128/mmbr.0 0 028-10 . 
ewton, R.J., McLellan, S.L., 2015. A unique assemblage of cosmopolitan freshwa- 
ter bacteria and higher community diversity differentiate an urbanized estuary 
from oligotrophic Lake Michigan. Front. Microbiol. 6, 1–13. doi: 10.3389/fmicb. 
2015.01028 . 
ies, D.H., 1999. Microbial heavy-metal resistance. Appl. Microbiol. Biotechnol. 
doi: 10.10 07/s0 02530 051457 . 
iu, L., Li, Y., Wang, P., Zhang, W., Wang, C., Li, J., Wu, H., 2018. Development of
a microbial community-based index of biotic integrity (MC-IBI) for the assess- 
ment of ecological status of rivers in the Taihu Basin. China. Ecol. Indic. 85, 
204–213. doi: 10.1016/j.ecolind.2017.10.051 . 
senga Kumwimba, M., Meng, F., 2019. Roles of ammonia-oxidizing bacteria in im- 
proving metabolism and cometabolism of trace organic chemicals in biologi- 
cal wastewater treatment processes: a review. Sci. Total Environ. 659, 419–441. 
doi: 10.1016/j.scitotenv.2018.12.236 . 
uy, J.K., Lange, A., Beermann, A.J., Jensen, M., Elbrecht, V., Röhl, O., Peršoh, D., 
Begerow, D., Leese, F., Boenigk, J., 2018. Responses of stream microbes to multi- 
ple anthropogenic stressors in a mesocosm study. Sci. Total Environ. 633, 1287–
1301. doi: 10.1016/j.scitotenv.2018.03.077 . 
rr, J.A., Vinebrooke, R.D., Jackson, M.C., Kroeker, K.J., Kordas, R.L., Mantyka- 
Pringle, C., van den Brink, P.J., de Laender, F., Stoks, R., Holmstrup, M., 
Matthaei, C.D., Monk, W.A., Penk, M.R., Leuzinger, S., Schäfer, R.B., Piggott, J.J., 
2020. Towards a unified study of multiple stressors: divisions and common 
goals across research disciplines. Proc. R. Soc. B Biol. Sci. 287. doi: 10.1098/rspb. 
2020.0421 . 
aerl, H.W., Xu, H., McCarthy, M.J., Zhu, G., Qin, B., Li, Y., Gardner, W.S., 2011. Con-
trolling harmful cyanobacterial blooms in a hyper-eutrophic lake (Lake Taihu, 
China): the need for a dual nutrient (N & P) management strategy. Water Res. 
45, 1973–1983. doi: 10.1016/j.watres.2010.09.018 . 
ang, J., Yamato, M., Soda, S., Inoue, D., Ike, M., 2019. Nitrogen-cycling functional 
genes in brackish and freshwater sediments in Yodo River in Japan. J. Water 
Environ. Technol. 17, 109–116. doi: 10.2965/jwet.18-074 . 
anksep, K., Tamm, M., Mantzouki, E., Rantala-Ylinen, A., Laugaste, R., Sivonen, K., 
Tammeorg, O., Kisand, V., 2020. Using microcystin gene copies to determine 
potentially-toxic blooms, example from a Shallow eutrophic lake Peipsi. Toxins 
(Basel) 12, 211. doi: 10.3390/toxins12040211 . 
awlowski, J., Audic, S., Adl, S., Bass, D., Belbahri, L., Berney, C., Bowser, S.S., 
Cepicka, I., Decelle, J., Dunthorn, M., Fiore-Donno, A.M., Gile, G.H., Holzmann, M., 
Jahn, R., Jirk ̊u, M., Keeling, P.J., Kostka, M., Kudryavtsev, A., Lara, E., Lukeš, J.,
Mann, D.G., Mitchell, E.A.D., Nitsche, F., Romeralo, M., Saunders, G.W., Simp- 
son, A.G.B., Smirnov, A.V., Spouge, J.L., Stern, R.F., Stoeck, T., Zimmermann, J., 
Schindel, D., de Vargas, C., 2012. CBOL Protist working group: barcoding eu- 
karyotic richness beyond the animal, plant, and fungal kingdoms. PLoS Biol 10, 
e1001419. doi: 10.1371/journal.pbio.1001419 . 
awlowski, J., Esling, P., Lejzerowicz, F., Cedhagen, T., Wilding, T.A., 2014. Environ- 
mental monitoring through protist next-generation sequencing metabarcoding: 
assessing the impact of fish farming on benthic foraminifera communities. Mol. 
Ecol. Resour. 14, 1129–1140. doi: 10.1111/1755-0998.12261 . 
awlowski, J., Esling, P., Lejzerowicz, F., Cordier, T., Visco, J.A., Martins, C.I.M., 
Kvalvik, A., Staven, K., Cedhagen, T., 2016a. Benthic monitoring of salmon farms 
in Norway using foraminiferal metabarcoding. Aquac. Environ. Interact. 8, 371–
386. doi: 10.3354/AEI00182 . 
awlowski, J., Kelly-Quinn, M., Altermatt, F., Apothéloz-Perret-Gentil, L., Beja, P., Bog- 
gero, A., Borja, A., Bouchez, A., Cordier, T., Domaizon, I., Feio, M.J., Filipe, A.F., 
Fornaroli, R., Graf, W., Herder, J., van der Hoorn, B., Iwan Jones, J., Sagova- 
Mareckova, M., Moritz, C., Barquín, J., Piggott, J.J., Pinna, M., Rimet, F., Rinke- 
vich, B., Sousa-Santos, C., Specchia, V., Trobajo, R., Vasselon, V., Vitecek, S., Zim- 
merman, J., Weigand, A., Leese, F., Kahlert, M., 2018. The future of biotic indices 
in the ecogenomic era: integrating (e)DNA metabarcoding in biological assess- 
ment of aquatic ecosystems. Sci. Total Environ. 637–638. doi: 10.1016/j.scitotenv. 
2018.05.002 , 1295–1310. 
awlowski, J., Lejzerowicz, F., Apotheloz-Perret-Gentil, L., Visco, J., Esling, P., 2016b. 
Protist metabarcoding and environmental biomonitoring: time for change. Eur. 
J. Protistol. 55, 12–25. doi: 10.1016/j.ejop.2016.02.003 . 
ayne, R.J., 2013. Seven reasons why protists make useful bioindicators. Acta Proto- 
zool. 52, 105–113. doi: 10.4467/16890 027AP.13.0 011.1108 . 
érez-Burillo, J., Trobajo, R., Vasselon, V., Rimet, F., Bouchez, A., Mann, D.G., 2020. 
Evaluation and sensitivity analysis of diatom DNA metabarcoding for WFD 
bioassessment of Mediterranean rivers. Sci. Total Environ. 727, 138445. doi: 10. 
1016/j.scitotenv.2020.138445 . 
ernthaler, J., 2017. Competition and niche separation of pelagic bacteria in fresh- 
water habitats. Environ. Microbiol. 19, 2133–2150. doi: 10.1111/1462-2920.13742 . 
ernthaler, J., 2005. Predation on prokaryotes in the water column and its ecological 
implications. Nat. Rev. Microbiol. 3, 537–546. doi: 10.1038/nrmicro1180 . 
iggott, J.J., Salis, R.K., Lear, G., Townsend, C.R., Matthaei, C.D., 2015a. Climate warm- 
ing and agricultural stressors interact to determine stream periphyton commu- 
nity composition. Glob. Chang. Biol. 21, 206–222. doi: 10.1111/gcb.12661 . 
iggott, J.J., Townsend, C.R., Matthaei, C.D., 2015b. Reconceptualizing synergism and 
antagonism among multiple stressors. Ecol. Evol. 5, 1538–1547. doi: 10.1002/ 
ece3.1465 . 
innell, L.J., Turner, J.W., 2019. Shotgun metagenomics reveals the benthic microbial 
community response to plastic and bioplastic in a coastal marine environment. 
Front. Microbiol. 10. doi: 10.3389/fmicb.2019.01252 . 

















































itsch, G., Bruni, E.P., Forster, D., Qu, Z., Sonntag, B., Stoeck, T., Posch, T., 2019. Sea-
sonality of planktonic freshwater ciliates: are analyses based on V9 regions of 
the 18S rRNA gene correlated with morphospecies counts? Front. Microbiol. 10, 
248. doi: 10.3389/fmicb.2019.00248 . 
iwosz, K., Shabarova, T., Pernthaler, J., Posch, T., Šimek, K., Porcal, P., Salcher, M.M., 
2020. Bacterial and eukaryotic small-subunit amplicon data do not provide a 
quantitative picture of microbial communities, but they are reliable in the con- 
text of ecological interpretations. mSphere 5. doi: 10.1128/msphere.0 0 052-20 , 
e0 0 052-20. 
izzetti, I., Fazi, S., Fuchs, B.M., Amann, R., 2012. High abundance of novel environ- 
mental chlamydiae in a Tyrrhenian coastal lake (Lago di Paola, Italy). Environ. 
Microbiol. Rep. 4, 446–452. doi: 10.1111/j.1758-2229.2012.00361.x . 
oursat, B.A.J., van Spanning, R.J.M., de Voogt, P., Parsons, J.R., 2019. Implications of 
microbial adaptation for the assessment of environmental persistence of chemi- 
cals. Crit. Rev. Environ. Sci. Technol. 49, 2220–2255. doi: 10.1080/10643389.2019. 
1607687 . 
rygiel, J., Coste, M., 1993. The assessment of water quality in the Artois-Picardie 
water basin (France) by the use of diatom indices. Hydrobiologia 269–270. 
doi: 10.10 07/BF0 0 028033 , 343–349. 
ahube, T.O., Viana, L.S., Koraimann, G., Yost, C.K., 2014. Characterization and com- 
parative analysis of antibiotic resistance plasmids isolated from a wastewater 
treatment plant. Front. Microbiol. 5, 558. doi: 10.3389/fmicb.2014.00558 . 
amond, P., Sourisseau, M., Simon, N., Romac, S., Schmitt, S., Rigaut-Jalabert, F., 
Henry, N., de Vargas, C., Siano, R., 2019. Coupling between taxonomic and func- 
tional diversity in protistan coastal communities. Environ. Microbiol. 21, 730–
749. doi: 10.1111/1462-2920.14537 . 
ichardson, J., Miller, C., Maberly, S.C., Taylor, P., Globevnik, L., Hunter, P., Jeppe- 
sen, E., Mischke, U., Moe, S.J., Pasztaleniec, A., Søndergaard, M., Carvalho, L., 
2018. Effects of multiple stressors on cyanobacteria abundance vary with lake 
type. Glob. Chang. Biol. 24, 5044–5055. doi: 10.1111/gcb.14396 . 
imet, F., 2012. Recent views on river pollution and diatoms. Hydrobiologia doi: 10. 
1007/s10750- 011- 0949- 0 . 
imet, F., Gusev, E., Kahlert, M., Kelly, M.G., Kulikovskiy, M., Maltsev, Y., Mann, D.G., 
Pfannkuchen, M., Trobajo, R., Vasselon, V., Zimmermann, J., Bouchez, A., 2019. 
Diat.barcode, an open-access curated barcode library for diatoms. Sci. Rep. 9, 
1–12. doi: 10.1038/s41598- 019- 51500- 6 . 
ivera, S.F., Vasselon, V., Bouchez, A., Rimet, F., 2020. Diatom metabarcoding ap- 
plied to large scale monitoring networks: optimization of bioinformatics strate- 
gies using Mothur software. Ecol. Indic. 109, 105775. doi: 10.1016/j.ecolind.2019. 
105775 . 
odriguez-Mozaz, S., Chamorro, S., Marti, E., Huerta, B., Gros, M., Sànchez-Melsió, A., 
Borrego, C.M., Barceló, D., Balcázar, J.L., 2015. Occurrence of antibiotics and an- 
tibiotic resistance genes in hospital and urban wastewaters and their impact on 
the receiving river. Water Res. 69, 234–242. doi: 10.1016/j.watres.2014.11.021 . 
oguet, A., Eren, A.M., Newton, R.J., McLellan, S.L., 2018. Fecal source identification 
using random forest. Microbiome 6, 185. doi: 10.1186/s40168-018- 0568- 3 . 
oosa, S., Wattiez, R., Prygiel, E., Lesven, L., Billon, G., Gillan, D.C., 2014. Bacterial 
metal resistance genes and metal bioavailability in contaminated sediments. En- 
viron. Pollut. 189, 143–151. doi: 10.1016/j.envpol.2014.02.031 . 
ott, E. , Pipp, E. , Pfister, P. , 2003. Diatom methods developed for river quality assess-
ment in Austria and a cross-check against numerical trophic indication methods 
used in Europe. Arch. Hydrobiol. Suppl. Algol. Stud. 110, 91–115 . 
otthauwe, J.H., Witzel, K.P., Liesack, W., 1997. The ammonia monooxygenase struc- 
tural gene amoA as a functional marker: molecular fine-scale analysis of nat- 
ural ammonia-oxidizing populations. Appl. Environ. Microbiol. 63, 4704–4712. 
doi: 10.1128/aem.63.12.4704-4712.1997 . 
alcher, M.M., Ewert, C., Šimek, K., Kasalick ̀y, V., Posch, T., 2016. Interspecific compe-
tition and protistan grazing affect the coexistence of freshwater betaproteobac- 
terial strains. FEMS Microbiol. Ecol. 92, 1–9. doi: 10.1093/femsec/fiv156 . 
alis, R.K. , Bruder, A. , Piggott, J.J. , Summerfield, T.C. , Matthaei, C.D. , 2017. High-
-throughput amplicon sequencing and stream benthic bacteria: identifying the 
best taxonomic level for multiple-stressor research. Sci. Rep. 7, 44657 . 
antos, M., Oliveira, H., Pereira, J.L., Pereira, M.J., Gonçalves, F.J.M., Vidal, T., 2019. 
Flow cytometry analysis of low/high DNA content (LNA/HNA) bacteria as 
bioindicator of water quality evaluation. Ecol. Indic. 103, 774–781. doi: 10.1016/j. 
ecolind.2019.03.033 . 
armento, H., Morana, C., Gasol, J.M., 2016. Bacterioplankton niche partitioning in 
the use of phytoplankton-derived dissolved organic carbon: quantity is more 
important than quality. ISME J. 10, 2582–2592. doi: 10.1038/ismej.2016.66 . 
ato, Y., Mizuyama, M., Sato, M., Minamoto, T., Kimura, R., Toma, C., 2019. Environ- 
mental DNA metabarcoding to detect pathogenic Leptospira and associated or- 
ganisms in leptospirosis-endemic areas of Japan. Sci. Rep. 9, 6575. doi: 10.1038/ 
s41598- 019- 42978- 1 . 
cherer, P.I., Millard, A.D., Miller, A., Schoen, R., Raeder, U., Geist, J., Zwirglmaier, K., 
2017. Temporal dynamics of the microbial community composition with a focus 
on toxic cyanobacteria and toxin presence during harmful algal blooms in two 
South German lakes. Front. Microbiol. 8, 2387. doi: 10.3389/fmicb.2017.02387 . 
chloter, M., Nannipieri, P., Sørensen, S.J., van Elsas, J.D., 2018. Microbial indicators 
for soil quality. Biol. Fertil. Soils 54, 1–10. doi: 10.10 07/s0 0374- 017- 1248- 3 . 
chmidt, M.L., Biddanda, B.A., Weinke, A.D., Chiang, E., Januska, F., Props, R., 
Denef, V.J., 2020. Microhabitats are associated with diversity-productivity rela- 
tionships in freshwater bacterial communities. FEMS Microbiol. Ecol. 96, 1–40. 
doi: 10.1093/femsec/fiaa029 . 
chneider, S.C., Kahlert, M., Kelly, M.G., 2013. Interactions between pH and nutri- 
ents on benthic algae in streams and consequences for ecological status assess- 19 ment and species richness patterns. Sci. Total Environ. 4 4 4, 73–84. doi: 10.1016/ 
j.scitotenv.2012.11.034 . 
everin, I., Confurius-Guns, V., Stal, L.J., 2012. Effect of salinity on nitrogenase activ- 
ity and composition of the active diazotrophic community in intertidal micro- 
bial mats. Arch. Microbiol. 194, 4 83–4 91. doi: 10.10 07/s0 0203- 011- 0787- 5 . 
haruddin, S.S., Ramli, N., Hassan, M.A., Mustapha, N.A., Amran, A., Mohd-Nor, D., 
Sakai, K., Tashiro, Y., Shirai, Y., Maeda, T., 2017. Bacterial community shift re- 
vealed Chromatiaceae and Alcaligenaceae as potential bioindicators in the re- 
ceiving river due to palm oil mill effluent final discharge. Ecol. Indic. 82, 526–
529. doi: 10.1016/j.ecolind.2017.07.038 . 
imek, K., Gruj ̌ci ́c, V., Mukherjee, I., Kasalický, V., Nedoma, J., Posch, T., Mehr-
shad, M., Salcher, M.M., 2020. Cascading effects in freshwater microbial food 
webs by predatory Cercozoa, Katablepharidacea and ciliates feeding on aplas- 
tidic bacterivorous cryptophytes. FEMS Microbiol. Ecol. doi: 10.1093/femsec/ 
fiaa121 , fiaa121. 
imek, K., Gruj ̌ci ́c, V., Nedoma, J., Jezberová, J., Šorf, M., Matoušů, A., Pechar, L.,
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